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Nickel laterites account for 40 % of global nickel production and contain 60 % of
the world's total land based nickel resources. Despite the importance of these deposits
published studies, detailing their morphology and formation processes are relatively few
and the interaction of variables responsible for the formation of dierent nickel laterites
are poorly understood.
To better understand the process of nickel laterite formation, the C alda^ g and Bitincke
paleodeposits were studied and their geological history established. The C alda^ g laterite,
western Turkey, formed by intense chemical weathering of a serpentinite protolith in a
region with a high water table and relatively low topography, resulting in the formation
of an oxide deposit. In addition silica precipitation is common in the upper horizons
of the deposit, where it creates an indurated layer, protecting the deposit from erosion.
The Bitincke Nickel laterite, Albania is composed of two distinct zones characterized by
silicate nickel and iron oxide phases. At Bitincke laterite formation and variations in
thickness were controlled by the interaction between topography, faulting and protolith
fracture density. The morphological and geochemical study of the C alda^ g and Bitincke
paleodeposits indicates that there is a complex interplay between structures, topography,
water table height and climate. Therefore nickel laterite deposits developed on very
similar protoliths can form deposits with distinct and dierent characteristics.
By comparing climatic data for regions where suitable ultramac rocks are exposed and
dening the climatic conditions favourable for the formation of nickel laterite deposits,
the optimum temperatures and precipitation rates for nickel laterite development can
be identied. A compilation of paleoclimatic data from western Turkey and Albania
allows for the optimum periods of laterite formation within these regions to be estab-
lished. Calculation of temperatures of formation from goethite oxygen and hydrogen
isotopes could provide additional data on paleoclimaitc conditions. However due to the
heterogeneity of laterite deposits and an extended weathering history, data gained from
goethite appears not to provide a robust measure of paleotemperature.
The study of the C alda^ g and Bitincke deposits combined with the analysis of the opti-
mum conditions for nickel laterite formation has shown that there are four main factors
which eect laterite formation: 1) Exposure of a suitable protolith; 2) Optimum cli-
matic condition; 3) Geological variables; 4) Environment of preservation. Knowledge of
these variables will assist in future laterite studies and will improve predictability of the
location of new deposits.Acknowledgements
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Introduction
The climate history section of this chapter will be included in a review paper of weath-
ering related deposits, which will be submitted to Economic Geology.
Abstract
Nickel laterites are formed by the intense chemical weathering of ultramac rocks that
contain 0.2 wt % Ni. Leaching of the most soluble elements e.g. Si and Mg and the
formation of new minerals e.g. goethite and hydrous Mg silicates leads to the formation
of a variety of dierent deposits. These deposits are most commonly divided into three
types on the basis of their dominant ore mineralogy: oxide, hydrous Mg silicate and clay
silicates. Mass balance calculations suggest a nickel laterite deposit can form in 1 to 6
million years, though there may be an order of magnitude dierence between mountainous
regions and the surrounding plains. Numerous factors will eect the size, morphology
and mineralogy of laterite deposits including; climate, protolith lithology, topography and
structures. Each variable will have a dierent eect on laterite formation. The two
deposits studied in this thesis; the C alda^ g and Bitincke laterites are both paleodeposits
located in Turkey and Albania respectively. The deposits are considered to have formed
in warmer conditions than they currently experience today.
Climate plays a crucial role in determining whether a nickel laterite deposit forms, there
have been major variations in the climate history in the regions where the C alda^ g and
Bitincke laterites are located. The lower Cretaceous was characterized by a period of
global warming that peaked during the mid Cretaceous. Temperatures decreased during
the Late Cretaceous but remained relatively high into the Cenozoic. The Paleocene expe-
rienced a general trend to increasing temperatures, which culminated in the Early Eocene
1Chapter 1. Introduction 2
Climatic Optimum. The climate cooled from the Early Eocene Climatic Optimum and
permanent ice sheets in the Antarctic regions were developed at the beginning of the
Oligocene. The Earth experienced a brief period of warming during the Mid-Miocene af-
ter which temperatures continued to fall, with northern hemisphere ice sheets developing
at the end of the Miocene.
1.1 Nickel laterites
Nickel laterites are regolith materials formed by the chemical weathering of nickel bear-
ing Mg-rich or ultramac rocks that contain economically exploitable reserves of nickel
[Elias, 2006; Freyssinet et al., 2005]. They account for 40 % of annual global nickel
production and contain 60 % of the world's total land based nickel resources [Kuck,
2008]. Most nickel laterite deposits have formed from peridotite bedrock where nickel
resides primarily within forsteritic olivine and serpentine at concentrations between 0.2
and 0.4 wt % [Golightly, 1981]. The process of lateritization involves the breakdown of
primary silicate minerals, the removal in groundwater of all but the most immobile ele-
ments and the formation of new minerals that are stable in the weathering environment.
Deposits are produced by intense and prolonged weathering in tropical to sub-tropical
climates; as a result, most recently formed laterites are located between 35o N and 35o
S [Anand and Paine, 2002]. Laterites located at higher latitudes and in cooler climatic
regimes (e.g. Greece and Turkey) are considered to be paleodeposits which originally
formed at lower latitudes during warmer climes [Freyssinet et al., 2005; Thorne et al.,
2009].
1.1.1 Terminology
The study of the regolith and lateritic materials spans many aspects of Earth Science,
resulting in a complex and inconsistent terminology. The term `laterite' has been used
in the literature both to describe specic soil horizons and the entire weathering prole.
Buchanan (1807) originally applied the term to Fe-rich material from India that was used
as building blocks (the Latin word `later' means brick). In the last 200 years, extensive
literature pertaining to `laterite' has assigned a number of meanings to the term; from
the ferruginous, aluminous upper horizons of intensely weathered regolith [Aleva, 1994;
Anand and Butt, 1988; Eggleton, 2001] to the entire weathering prole [Olivero et al.,
1991]. Others have preferred to dene laterite as reddish, mottled saprolite in a deep
weathering prole and some have suggested that the term should be abandoned entirely
[Bourman, 1993]. The term nickel laterite refers to regolith that contains an economically
exploitable concentration of nickel but it does not apply to a specic horizon. NickelChapter 1. Introduction 3
laterite is, therefore, used loosely and does not conform to conventional denitions; in
this study, the term applies to the entire regolith from the weathering front to the
overlying soil.
The terminology in Figure 1.1 indicates the most commonly used terms describing zones
within a deeply weathered prole. The idealized weathering prole proposed by Anand
and Butt [1988] does not specically describe nickel laterites but many of the terms
are appropriate to the description of the zones within the nickel laterite proles. The
terminology is however, best suited to Australian laterites which generally have a longer
weathering history, up to 100 Myrs [Anand and Paine, 2002] and possess a dierent
variety of weathering horizons compared to other paleolaterites. Specically, many nickel
laterites do not possess an arenose zone and the plasmic zone is normally referred to
as a clay horizon. The laterites within this thesis are therefore best described by a
combination of the terminology dened by Eggleton [2001] and Golightly [1981] (Fig.1.1).
1.1.2 The `typical' nickel laterite weathering prole
The typical weathering prole consists of the saprolith and the overlying pedolith. The
saprolith retains evidence of original igneous textures and the base of this zone is the
weathering front, below which is unweathered rock. The boundary between the saprolith
and the pedolith is termed the pedoplasmation front; above this boundary the pedolith
does not display any original textures and is subject to soil forming processes (Fig. 1.1)
[Anand and Paine, 2002].
The saprolith is normally sub-divided into the saprock and saprolite. The saprock
is a slightly weathered horizon where less than 20 % of the weatherable minerals are
altered [Anand and Paine, 2002]. The saprolite retains the original rock fabric expressed
by the primary minerals of the protolith and has more than 20 % of the weatherable
minerals altered as a product of isovolumetric weathering [Anand and Paine, 2002]. This
zone can be host to Ni-bearing secondary silicate mineralization, collectively known as
garnierite Brand et al. [1998]. The pedolith is subdivided into in-situ and transported
oxide (sometimes referred to as limonite) or clay and ferricrete zones. The oxide zone
consists of ne grained nickeliferous goethite and amorphous ferric hydroxides. These
may grade up into a ferricrete crust composed of colloform goethite tubes and veinlets
or pisoliths. The clay zone is composed predominantly of smectites. The transported
oxide zone has a rubbly conglomeratic appearance and is generally red in colour due to
the presence of hematite [Golightly, 1981].Chapter 1. Introduction 4
A
n
a
n
d
 
a
n
d
 
B
u
t
t
 
(
1
9
9
8
)
;
A
n
a
n
d
 
e
t
 
a
l
.
 
(
1
9
8
9
)
;
 
E
g
g
l
e
t
o
n
 
(
2
0
0
1
)
 
 
 
 
N
a
h
o
n
 
a
n
d
 
T
a
r
d
y
(
1
9
9
2
)
O
l
l
i
e
r
a
n
d
G
a
l
l
o
w
a
y
(
1
9
9
0
)
A
l
e
v
a
(
1
9
9
4
)
M
i
l
l
o
t
(
1
9
6
4
)
L
a
g
S
o
i
l
L
a
t
e
r
i
t
i
c
 
g
r
a
v
e
l
s
L
a
t
e
r
i
t
i
c
 
d
u
r
i
c
r
u
s
t
M
o
t
t
l
e
d
 
Z
o
n
e
C
e
m
e
n
t
a
t
i
o
n
 
f
r
o
n
t
P
l
a
s
m
i
c
 
(
c
l
a
y
)
o
r
a
r
e
n
o
s
e
 
(
s
a
n
d
y
)
Z
o
n
e
P
e
d
o
p
l
a
s
m
a
t
i
o
n
 
f
r
o
n
t
S
a
p
r
o
l
i
t
e
S
a
p
r
o
c
k
W
e
a
t
h
e
r
i
n
g
 
f
r
o
n
t
B
e
d
r
o
c
k
S
a
p
r
o
l
i
t
h
P
e
d
o
l
i
t
h
L
o
o
s
e
C
e
m
e
n
t
e
d
L
a
t
e
r
i
t
i
c
 
r
e
s
i
d
u
u
m
 
o
r
 
f
e
r
r
i
c
r
e
t
e
R
e
g
o
l
t
i
h
S
o
i
l
S
o
i
l
S
o
i
l
S
o
i
l
F
e
r
r
u
g
i
n
o
u
s
 
l
a
y
e
r
C
a
r
a
p
a
c
e
M
o
t
t
l
e
d
 
z
o
n
e
M
o
t
t
l
e
d
 
z
o
n
e
M
o
t
t
l
e
d
 
z
o
n
e
M
o
t
t
l
e
d
 
z
o
n
e
S
a
p
r
o
l
i
t
e
S
a
p
r
o
l
i
t
e
P
a
l
l
i
d
z
o
n
e
F
i
n
e
S
a
p
r
o
l
i
t
e
C
o
a
r
s
e
S
a
p
r
o
l
i
t
e
U
n
w
e
a
t
h
e
r
e
d
p
a
r
e
n
t
 
r
o
c
k
U
n
w
e
a
t
h
e
r
e
d
b
e
d
r
o
c
k
P
a
r
e
n
t
r
o
c
k
P
a
r
e
n
t
r
o
c
k
S
a
p
r
o
l
i
t
e
P
l
a
s
m
i
c
z
o
n
e
F
e
r
r
i
c
r
e
t
e
L
a
t
e
r
i
t
e
D
u
r
i
c
r
u
s
t
L
a
t
e
r
i
t
e
G
o
l
i
g
h
t
l
y
(
1
9
8
1
)
 
F
e
r
r
i
c
r
e
t
e
T
r
a
n
s
p
o
r
t
e
d
 
l
i
m
o
n
i
t
e
L
i
m
o
n
i
t
e
S
a
p
r
o
l
i
t
e
P
r
o
t
o
l
i
t
h
S
o
i
l
S
o
i
l
F
e
r
r
i
c
r
e
t
e
T
r
a
n
s
p
o
r
t
e
d
z
o
n
e
O
x
i
d
e
/
c
l
a
y
z
o
n
e
S
a
p
r
o
l
i
t
e
(
S
e
c
o
n
d
a
r
y
 
s
i
l
i
c
a
t
e
 
z
o
n
e
)
S
a
p
r
o
c
k
P
r
o
t
o
l
i
t
h
W
e
a
t
h
e
r
i
n
g
 
f
r
o
n
t
T
h
i
s
 
t
h
e
s
i
s
F
i
g
u
r
e
1
.
1
:
T
y
p
i
c
a
l
w
e
a
t
h
e
r
i
n
g
p
r
o

l
e
t
e
r
m
i
n
o
l
o
g
y
.
A
f
t
e
r
A
n
a
n
d
a
n
d
P
a
i
n
e
[
2
0
0
2
]
;
G
o
l
i
g
h
t
l
y
[
1
9
8
1
]Chapter 1. Introduction 5
1.1.3 Classication
There have been numerous attempts to classify nickel laterites, based on features such as
their topographic setting, protolith composition and gross morphology. Nickel bearing
phases typically occur in three main assemblages, therefore, Brand et al. [1998] pro-
posed a classication scheme distinguishing three dierent deposit types based on their
dominant ore mineralogy (Fig. 1.2). This classication system is now one of the most
commonly used.
Oxide deposit (Fig. 1.2A): Ni-rich ferruginous and goethitic clay horizons are present
over weathered ultramac rocks and are a component of all nickel laterites, except where
they have been eroded away. When this horizon is the mineable resource the laterite
is an oxide deposit. The protolith in these deposits passes up into Ni-rich ferruginous
saprolite which is dominated by Ni-bearing goethite. The uppermost horizon, where
preserved, is a ferruginous duricrust, which may contain solution voids. Where the
deposits are found overlying dunites (e.g. Cawse, Western Australia), the associated
low Al concentrations restricts the formation of clays and leads, instead, to silicication
in the lower saprolite [Freyssinet et al., 2005]. Oxide deposits are also known as limonite
deposits and typically show mean grades of 1 - 1.6 wt % Ni [Brand et al., 1998].
Hydrous Mg silicate deposit (Fig. 1.2B): The lower saprolite, below the Mg-discontinuity
is the ore horizon. Nickel is leached from Fe oxyhydroxides in the limonite zone at the top
of the laterite and is transported down the prole before combining with the weathering
products of the primary silicates and precipitating as hydrous Mg-Ni silicate minerals,
including serpentine, talc, chlorite, sepiolite and garnierite [Brand et al., 1998]. These
minerals often display a distinctive green colour and are found in boxworks and veins
following faults and fractures. Hydrous Mg silicate laterites are the highest grade of
nickel laterites, with a mean concentration of 1.8 - 2.5 wt % Ni. Hydrous secondary
silicates are commonly developed over ophiolitic harzburgite peridotite and are most
prevalent in tectonically active regions with high relief in Central America, the Caribbean
and Southeast Asia. These regions are subject to the high degree of water though-ow
necessary to produce hydrous silicate minerals [Freyssinet et al., 2005].
Clay silicate deposits (Fig. 1.2C): These deposits are characterized by the presence of
clay minerals and are dominated by Fe and Ni, Mg smectites, usually located in the
mid to upper saprolite. These minerals are formed when Si is only partially removed
from the prole by groundwater and the remainder combines with Fe, Ni and Al. This
type of mineralization is associated with areas of low relief [Freyssinet et al., 2005]. The
clay silicate deposit at Murrin Murrin (Western Australia) is a typical example, being
formed in an area of low relief in a semi-arid environment over serpentinized peridotitesChapter 1. Introduction 6
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[Gaudin et al., 2005]. Smectites, normally referred to as nontronite, are the dominant
ore mineral and the deposit has mean grades ranging from 1 - 1.5 wt % Ni.
This classication scheme, based on the dominant ore mineralogy, is the most prevalent
within published literature, however it disguises the fact that most deposits will have
a mix of all three mineralogies within dierent zones. Laterites will always possess an
oxide zone unless it has been eroded away and many will also contain variable proportions
of clay and secondary silicate minerals. Only the dominant ore mineralogy is used to
classify the deposit and this may be determined by processing techniques as opposed to
the volume of the constituent minerals present within the laterite.
1.1.3.1 Variations in the degree of serpentinization
Golightly [1981] attempted to classify laterites based on the degree of serpentinization
within the protolith, which can inuence the character of the weathering prole. Nickel
laterites developed from unserpentinized peridotite are relatively rare with some exam-
ples found on the east coast of New Caledonia and Indonesia. In these deposits the
saprolite zone is thin and rocky and is characterized by joint blocks with distinctive
saprolite rims. These rims are millimetres in width and display little variation in the
major element proles from sample to sample, with generally rapid increases in iron,
chromium, manganese and aluminium and decreases in silica and magnesium towards
the outer edge of the rim. Interstitial veins of quartz and garnierite are often found
between the joint blocks.
In general, laterites developed from fully serpentinized peridotite do not have the obvious
saprolite rim structures on fresh rock cores that characterize unserpentinized proles.
The transition from fresh core to laterite is gradual and takes place over tens of cen-
timeters, as a result individual chemical proles dier greatly between samples. The
limonite zone of the prole normally consists of very ne grained goethite. The blocky
nature of the totally serpentinized prole means that in most cases these deposits are
not economically viable, however the ore grade can be upgraded by removal of the larger
boulders.
Most nickel laterite deposits are derived from partly serpentinized protoliths. The fea-
tures of the proles are intermediate to those from the unserpentinzed and totally ser-
pentinized proles, with intermediate rim widths and chemical compositions. Garnierite
and quartz veining is also moderate and appears to be roughly proportional to the
amount of fresh olivine within the rock.
This classication based on the degree of serpentinization does not take into account
other geological variables that will aect the deposit, very few peridotites exposed atChapter 1. Introduction 8
the surface are unserpentinized and the degree of serpentinization will often vary in one
exposure making this scheme dicult to use.
1.1.4 Age and rates of weathering
Nickel laterites generally form and evolve over long periods of time. Golightly [1981]
suggested that between 20 and 100 m of peridotite must be leached to form saprolite ores
which may be possible within 1 Myrs. Mass balance calculations indicate weathering
rates of between 5 and 50 mm/kyr with an average of 20 mm/kyr, suggesting that a
lateritic prole may form in 1 to 6 Myrs [Nahon and Tardy, 1992]. However, there is
a high degree of variation, with mountainous regions experiencing weathering rates an
order of magnitude greater than the surrounding plains [Trescases, 1975].
The age of a nickel laterite deposit can be constrained by the age of the bedrock and
overlying sediments. A minimum age of the deposit can be ascertained if the deposit
has been buried. More precise dates can be obtained using radiometric and paleomag-
netic dating [Theveniaut and Freyssinet, 2002; Vasconcelos et al., 1994], although these
techniques have only been applied in a few regions and rarely on nickel laterite deposits.
Some nickel laterites formed in stable cratonic regions e.g. the Yilgarn Craton, may
have been exposed to weathering processes for most of the Phanerozoic, making precise
dating of the main weathering periods dicult.
1.2 Controls on laterite formation
1.2.1 Protolith
Nickel laterites form predominantly on forsterite-rich ultramac rocks and their serpen-
tinized equivalents with primary Ni concentrations of 0.2 - 0.4 wt %. The most common
protoliths are harzburgitic peridotites that have been partially or wholly serpentinized.
Within ultramac rocks only a small proportion of the primary mineral assemblage is
insoluble, with the majority of the rock highly prone to weathering. This results in a
residual concentration of stable secondary oxides and silicates, many of which contain
nickel [Freyssinet et al., 2005]. The weathering of olivine bearing rocks with low Ni
concentrations (less than 1 wt %) results in the formation of a subeconomic deposit,
e.g. the Conarky deposit in Guinea, formed over Ni poor forsteritic dunite, possesses
both an oxide and a silicate zone but Ni concentrations are less than 0.1 wt %. How-
ever, neither a higher primary Ni content nor a more reactive mineralogy appears to
aect the Ni concentrations within the laterite [Freyssinet et al., 2005]. Butt and NickelChapter 1. Introduction 9
[1981] showed that based on the magnitude and thickness of Ni enrichment of weathering
proles over the Mt. Keith disseminated Ni sulphide deposit, Western Australia, that
the lowest sulphide concentration in the protolith resulted in higher Ni concentrations
within the overlying laterite.
The mineralogy of nickel laterites is partially controlled by the lithology of the ultramac
protolith. The weathering of peridotites can produce hydrous Mg silicate, clay silicate
and oxide deposits. Clay silicate deposits appear to form more readily on clinopyroxene
bearing ultramac rocks due to their higher initial concentrations of Ca, Na and Al.
Conversely, the low Al concentration within dunites precludes the formation of clay
silicates and laterites formed over dunites are commonly oxide deposits possessing a
higher concentration of silica [Freyssinet et al., 2005].
1.2.2 Distribution and climate
Laterites are generally found in seasonally humid (e.g. Goro, New Caledonia) and humid
tropical climates (e.g. Cerro Matso, Columbia). The warm temperatures and elevated
rainfall result in the high rate of chemical weathering necessary to produce deposits
in areas where erosion rates are also high. Hydrous Mg silicate deposits are found in
humid tropical regions, clay silicates are found mainly in semi-arid areas and oxide
deposits in both climatic regimes. The reasons for this distribution are unclear [Brand
et al., 1998]. However, under aggressive leaching in the humid tropics the more soluble
elements (e.g. Mg and Si) will be removed, leaving the residual Fe and Ni to form oxide
deposits. Hydrous Mg silicate and clay silicate deposits are more dicult to understand
in terms of the climatic zone in which they are normally found. The occurrence of clay
silicates in semi-arid regions coincides with the conditions required for the formation of
smectite. It is however, unlikely that deep weathering proles would be able to form
in this relatively dry environment. The thick regolith may, therefore, be relict and the
smectites may form as an initial weathering product of an older prole [Brand et al.,
1998]. Hydrous silicate deposits are thought to form when Ni is leached from the upper
oxide horizon and subsequently moved to the base of the prole where it combines with
silica and other elements liberated from the weathering of the primary minerals to form
hydrous secondary silicates. A humid tropical climate may be necessary for this process
to occur. There are also some deposits found in humid Mediterranean to temperate
regions in Greece, Turkey, the Balkans and the Ural Mountains. The deposits in these
regions are considered to be paleodeposits that formed in a warmer climate regime
conducive to lateritization.Chapter 1. Introduction 10
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1.2.3 Topography
Topography will aect;
 the rate of runo and therefore, the rate of moisture uptake by the protolith
 the rate of erosion of the weathered products
 the rate of subsurface drainage and hence, the rate of leaching of the soluble
components.
The deep regolith that characterizes nickel laterites implies formation in stable terrains
where the rate of weathering is greater than erosion. Low relief, protection by burial or
the formation of an indurated cap ensures the preservation of laterite deposits. These
conditions are most common in stable cratons and platforms. Deep weathering proles
are less sustainable in more dynamic accretionary terranes. Deposits found within these
environments are most commonly located in plateau areas and are often remnants of
previously extensive regolith. However, some deposits do form in areas of more moderate
topography (e.g. Sorowako, Indonesia).
The morphology and grade of nickel laterite deposits are strongly inuenced by the to-
pographic setting. In areas of low relief the drainage is impeded and the water table
is elevated. The reduced water ow decreases the intensity of leaching and inhibits the
removal of weathering solutions. This results in deposits with residual nickel concentra-
tions. Absolute nickel accumulation is focused on faults and fractures, where the rate of
leaching is higher. In areas of high relief, in accretionary terranes and on hills in cratonic
areas, the regolith is generally free draining. A low water table coupled with faults and
fractures results in a high rate of groundwater movement, resulting in absolute Ni en-
richment deep in the regolith. These topographic settings most commonly produce the
higher grade hydrous Mg silicate deposits. Tectonic uplift of previously formed laterites
can play an important part in rejuvenating a prole by lowering the water table. The
residually enriched zones may be leached, with the nickel accumulating deeper in the
prole (e.g. nickel laterites in Brazil).
1.2.4 Structure
Joints and fractures within the protolith have a direct eect on the rate of weathering
and the composition of a lateritic prole. Fractures provide a pathway for uid ow
and subsequent leaching and precipitation of minerals. Joint spacing therefore should
have a control on the rate of laterite formation. The closer the joint spacing the moreChapter 1. Introduction 12
blocks there are within the prole, if the weathering rate is independent of the size of
the block, the smaller blocks will be consumed rst. The resulting prole possesses a
thicker oxide zone in areas of increased jointing. Further to this, the decrease in volume
associated with the increased rate of oxide formation may lead to the lateral creep of
material from the surrounding area (Fig. 1.4). Maximum Ni grade may therefore be
expected in the zone of highest joint concentration, both due to the increased rate of
leaching and movement of Ni into the area [Golightly, 1981].
Faulting also has a major control on ore grades within a deposit, providing a path for
water ow, leading to increased weathering and Ni grades. This type of shear controlled
mineralization was observed by Brand et al. [1998] at the Cawse oxide deposit, Western
Australia. As well as promoting weathering in certain orientations faults may also
act as barriers to water ow and juxtapose dierent rock types leading to local prole
variations.
-JNPOJUF 4BQSPMJUF 1SPUPMJUI
Figure 1.4: Model of laterite development based upon variations in joint spacing.
The saprolitic crust increases in thickness towards the surface until the rock core is
eliminated just below the boundary with the limonite. After Golightly [1981]
1.3 The C alda^ g and Bitincke nickel laterites
Nickel laterites are underepresented in the published literature, with very few general
deposit studies and even fewer concentrating on paleodeposits. This thesis aims to
present detailed studies of the morphology and geochemistry of the C alda^ g and Bitincke
paleodeposits. Formational history and preservation styles will be analyzed and theChapter 1. Introduction 13
geological history of the deposits determined. Once the deposits have been characterized
further studies will attempt to analyze the environmental conditions during the period
of formation by oxygen and hydrogen isotope analysis.
An assessment of the climatic conditions that form nickel laterites today, compared to
paleoclimatic conditions that paleodeposits have experienced will lead to the denition
of the main lateritization phases. To this end the European and deposit specic paleo-
climatic conditions have been assessed.
The majority of this thesis is based on the study of the C alda^ g and Bitincke paleonickel
laterite deposits. The C alda^ g deposit is located in Western Anatolia, Turkey, it has been
described as a limonite deposit and will be mined by European Nickel PLC. The deposit
is located on a hill 10 km north of of the town of Torgutlo and contains 33 million
tonnes of ore with a grade of 1.14 % Ni.
The Bitincke deposit is located in the south of Albania and where it crops out on the
side of a large north south trending valley. The deposit contains an estimated resource
of 35.6 million tonnes of ore with a grade of 1.2 wt % Ni. European Nickel PLC have
drilled the deposit allowing for the assessment of the laterite below the sedimentary
cover. The deposit has both an oxide and a secondary silicate zone.
A brief synopsis of the chapters in this thesis is presented below.
 Chapter 1: Introduction - Overview of the subject area and the literature
relevant to the questions addressed in this thesis.
 Chapter 2: Methods - Methods used in the collection of data used within this
thesis.
 Chapter 3: The C alda^ g nickel laterite - Detailed analysis of the morphology
and geochemistry of the C alda^ g laterite and the geological history of the deposit.
 Chapter 4: The Bitincke nickel laterite - Detailed analysis of the morphology
and geochemistry of the Bitincke laterite and the geological history of the deposit.
 Chapter 5: Silicication in the weathering prole - Overview of the silici-
cation process in the terrestrial environment and detailed analysis of silica precip-
itation in the C alda^ g laterite.
 Chapter 6: Oxygen and hydrogen isotopes - Summary of oxygen and hydro-
gen isotopes in the hydrological cycle and their use in the calculation of goethite
formation temperatures from the C alda^ g and Bitincke nickel laterites.Chapter 1. Introduction 14
 Chapter 7: Climate change and nickel laterite formation - Dening the
optimum climatic conditions for nickel laterite formation.
1.4 Paleoclimatic history of the European region
The climate plays a critical role in the formation of nickel laterites, with elevated temper-
ature and precipitation necessary for the formation of economically important deposits.
An understating of past climatic variations is necessary to dene periods of intense
weathering, helping to identify the timing of laterite formation. Today nickel laterites
are forming in tropical to semi-arid environments, to be able to fully understand the
lateritization history of the Bitincke and C alda^ g deposits in the context of global pale-
oclimate change and weathering phases, the following section presents a review of the
European climate history.
1.4.1 European climate history
The Earth's global climate has undergone numerous signicant changes during the last
250 Ma, from greenhouse conditions in the mid-Cretaceous to the relatively cool climate
of the modern day. The primary forces driving geological-scale climate changes are plate
tectonics and Earth's orbital geometry and the eect these forces have on the greenhouse
gas concentrations in the atmosphere [Zachos et al., 2001]. For most of the past 250 Ma
European climate history has broadly followed global patterns and while studies focusing
on specic geographic zones or time periods can provide more detailed accounts, these
are sometimes contradictory and only apply to specic microclimates. Figure 1.5 shows
the broad climatic regimes present in the Tethys region during the formation of the
C alda^ g and Bitincke laterites.
1.4.2 The Mesozoic
The global climate of the Mesozoic Era can be broadly classied as warm and ice free.
This `greenhouse' world possessed temperature characteristics with the tropics extending
into the mid-latitudes and polar regions experienced temperate conditions. On average
global temperatures throughout the Mesozoic were 6 to 9 oC warmer than present [Sell-
wood and Valdes, 2006].
The Triassic climate was generally dry, with warm temperate climates extending up to
the poles. Extensive calcretes distributed throughout Europe and the western TethyanChapter 1. Introduction 15
margin suggests a predominantly arid climate. There is a marked decrease in coal de-
position in the Triassic [Frakes and Francis, 1992], this facies having been linked with
a monsoonal climate, which appears to be absent from Europe at this time. Abundant
evaporites and calcretes were formed in the mid-Triassic [Scotese, 2002] and European
oras are indicative of dry subtropical conditions in the north and cool temperate condi-
tions in the south [Sellwood and Valdes, 2006]. Western Europe was arid through most
of the Triassic until the Late Norian when more humid conditions are reected in the
replacement of gypsiferous red beds by plant-rich and coal-bearing sediments and by
the occurrence of kaolinite (derived from extensive surface weathering) in marine and
non-marine mudstone [Hallam, 1985].
Landmasses during the Triassic were arranged symmetrically in a broad arc around the
equator [Hallam, 1985; Sellwood and Valdes, 2006]. This paleogeography had a dramatic
eect on Triassic meteoric precipitation rate, which has only a limited correspondence
to present day patterns [Robinson, 1973]. Large tracts of Pangea were arid with the
most humid areas located in high latitudes and coastal regions due to the tendency
for precipitation to be greatest on the coasts, with decreasing rainfall as clouds move
towards the center of the continent.
Pangea remains largely intact through into the Jurassic, therefore the global climate as
whole was probably similar to the Triassic. However evidence from the Triassic - Jurassic
boundary does suggest a period of global warming. Paleobotanical data, specically
changes in leaf morphology to more dissected forms and a decrease in stomatal density
suggest a fourfold increase in CO2 levels during this period and pollen from Europe
shows an increase in thermophilic plant species [Rees et al., 2000].
Jurassic plant productivity and maximum diversity were concentrated at mid-latitudes.
Low-latitude vegetation was predominantly xeromorphic and only patchily forested by
small leafed forms of conifers and cycadophytes [Rees et al., 2000]. During the Lower
Jurassic southern and central Europe were characterized by tropical conditions resulting
in coal deposition whilst northern Europe possessed a paratropical climate (dened as
an area where temperatures regularly fall below 20 oC, but does not fall below 10 oC) .
The early Toarcian shows evidence for a brief period of global warming. An ocean
anoxic event (OAE) within this time period (183 Ma) is associated with a negative
13C anomaly of 5 - 7 h. Palynological data indicate an increase in global temperatures
with pollen from thermophillic species dominating assemblages in the former Soviet
Union within the Early Toarcian. The total duration of the negative 13C anomaly
was 70 kyrs [Hesselbo et al., 2002]. Sediments deposited in Hungary during the OAE
are dominated by kaolinite suggesting that a humid climate with intense continental
weathering dominated Europe at this time [Raucsik and Varga, 2008]. A gradual riseChapter 1. Introduction 16
in 87Sr/86Sr recorded in belemnite calcite and an abrupt rise in 187Os/188Os in black
shales both indicate an enhanced ux of geochemical tracers derived from continental
crust rocks, suggesting that continental weathering increased during this warm period
[Jenkyns, 2003].
Tropical climates in the Upper Jurassic are conned to the Tethyan margins with the
rest of Europe dominated by arid conditions in the south and warm temperate condi-
tions in the north [Scotese, 2002]. Cecca et al. [2005] have shown, using expansions and
contractions of bioprovinces based on coral reefs and radiolarites within Tethys that the
Oxfordian climatic conditions were far from equitable. The Early Oxfordian was char-
acterized by cool conditions. A progressive warming occurred in the Middle Oxfordian
to a greenhouse type climate followed by a possible cooling in the Late Oxfordian. Late
Kimmeridgian and Tithonian ages were characterized by an arid phase.
The Middle Berriasian (Early Cretaceous) was marked by a change from the arid climate
of the Late Jurassic to a relatively warm and humid climate. The Late Berriasian to
Early Valanginian marks the beginning of the Cretaceous transgression [Masse et al.,
1996]. Many parts of Europe record a signicant marine transgression during the Late
Berriasian which led to the drowning of carbonates and the deposition of marine sed-
iments over their continental brackish precursors or onto Jurassic rocks [Masse et al.,
1996]. Transgressive pulses are documented throughout Europe in the Lower Creta-
ceous, with the formation of onlapping carbonate systems in south western France and
the Balkans, known as the Pelagonian block, during the Early Aptian, and during the
Albian in Western Europe, the North Sea develops a broad connection with central
Europe and was linked through Great Britain to the Atlantic [Masse et al., 1996].
The mid-Cretaceous, 105 to 89 Ma, appears to have been one of the warmest peri-
ods in the Phanerozoic with sea surface temperatures (SSTs) as high as 35 oC at the
equator [Wilson et al., 2002] and high latitude SSTs up to 20 oC [Bice et al., 2003]. The
poleward expansion of thermophilic marine organisms (e.g. foraminfera, [Lloyd, 1982]);
the occurrence of dinosaurs with presumed warm climate anities at the poles [Olivero
et al., 1991] and the expansion of biogeogaphic provinces [Barnard, 1973], all suggest
that the Cretaceous world was signicantly warmer than today. It is also argued that
the latitudinal temperature gradient was much less in the mid-Cretaceous than it is
today, e.g. 0.25 oC per degree of latitude, compared to 0.4 oC today [Huber et al., 2002].
However, Puceat et al. [2007] and Wagner et al. [2008] suggest that the mid-Cretaceous
latitudinal temperature gradient was similar to today and the equatorial SST was higher
in the mid-Cretaceous.Chapter 1. Introduction 17
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The mid-Cretaceous was also a time of globally high sea levels with extensive areas of
shallow shelf seas, favouring moderate climates with a greatly enhanced hydrological cy-
cle [Frakes and Francis, 1992; Sellwood and Valdes, 2006]. Major trangressive trends are
known in European regions during the Cenomanian which coincided with the formation
of the marine connection between Tethys and the southern Atlantic. The Turonian is
marked in Europe by the deposition of siliclastic sediments over cratonic areas. Further
transgressive events in the Coniacian and Santonian result in the Campanian time in-
terval corresponding to a period of relative highstand of sea level. Warm-water facies
composed of coral and rudist reefs extended to nearly 40 o N in Europe during this time
interval [Beauvais, 1992]. The Maarstrichtian is marked by a general fall in sea levels
from the Campanian highstand leading to the establishment of more seasonal continental
climes.
The Cretaceous period is generally assumed to be ice free (e.g., Huber et al. [2002]).
However a number of authors have suggested that intermittent ice sheets were present
throughout much of the Triassic - Early Eocene [Price, 1999; Stoll and Schrag, 1996;
?]. Miller et al. [2003] suggest that ice sheets were restricted in area in Antarctica,
ephemeral, and paced by Milankovitch forcing. The ice sheet will have inuenced sea
level by as much as 25 m accounting for some of the eustatic sea level changes that
occurred during the Late Cretaceous.
1.4.3 The Cenozoic
Early Paleocene ora indicative of humid conditions dominated Eurasia with plant
species suggestive of extratropical climates, found from Spitsbergen to north-eastern
China. A 5 oC warming from the Paleocene, culminating in the Early Eocene Climatic
Optimum (EECO) is expressed as a change to paratropical oras with thermophillic
genera migrating up to 50 o N in Eurasia [Akhmet'ev and Beniamovski, 2006]. This
coincides with a 1.1 h negative shift within the 18O record, indicating a temperature
increase of 4 oC within deep sea waters [Zachos et al., 2008]. The EECO represents an
extreme case where temperature and CO2 reached a long-term maximum, caused by ei-
ther metamorphic decarbonisation in the Himalayan orogen or increased ridge volcanism
[Bohaty and Zachos, 2003].
Following the EECO the Earth experienced a protracted period of global cooling which
continued to the Late Oligocene, with changes to more cosmopolitan and cold resistant
foraminifera assemblages [Akhmet'ev and Beniamovski, 2006]. Mosbrugger et al. [2005]
suggests that during the mid to Late Eocene central Europe experienced a pronounced
decrease in cold month mean and mean average temperatures (MAT) of around 5 oC,Chapter 1. Introduction 19
whereas the warm month mean temperatures (WMMT) remain relatively constant. This
long term cooling trend has been attributed to variations in greenhouse gas concentra-
tions and related feedback mechanisms. pCO2 values up to 1500 ppm are estimated
by Pagani et al. [2005] for the Middle - Late Eocene. Decreasing in steps during the
Oligocene, CO2 concentrations reached modern day pre-industrial values by the latest
Oligocene.
The Eocene - Oligocene boundary is marked by a sharp drop in temperature associated
with a global 18O increase of 1 h and the rapid expansion of Antarctic continental
ice sheets [Pagani et al., 2005; Zachos et al., 2008], accompanied by the widespread
development of deciduous forests and the extinction of some marine biota within East-
ern Europe [Akhmet'ev and Beniamovski, 2006]. Cold month European temperatures
then averaged 5 oC [Mosbrugger et al., 2005]. The isotope record shows that the Late
Oligocene was marked by a warming event accompanied by the possible shrinking of the
Antarctic ice sheet. An overall trend of warming persisted into the Middle Miocene and
culminated in the Middle Miocene Climatic Optimum (MMCO), where cold month mean
temperatures (CMM) temperatures derived from the studies of the Miocene megaora
of Germany, range between 9-13 oC and 4-7.5 oC.
Following the MMCO the Earth has undergone a gradual cooling during which the
northern hemisphere ice sheets were established. CMM European temperatures fell
below 3 oC in the Early Pliocene and for the rst time in the Cenozoic below freezing
in the Late Pliocene. Although average temperatures have decreased from the EECO,
there has been a greater change in the degree of seasonality within the Central European
climatic regime. The Mid-Eocene and Mid-Miocene experienced low seasonality (13 and
17 oC respectively), whereas the later part of the Oligocene and later Pliocene display
high seasonality (20 and 23 oC respectively) [Mosbrugger et al., 2005].
Superimposed on the long term climatic trends of the Cenozoic are a series of transient
warming and cooling events. The period leading up to the leading up to the EECO
records one of the most signicant global temperature shifts within the earth's history
[Jenkyns, 2003]. The Paleocene - Eocene thermal maximum (PETM) (55 Ma) saw SST
increases of up to 5 - 8 oC at high latitudes [Sluijs et al., 2006]. The event is marked
by a signicant perturbation of the global carbon cycle with a negative carbon isotope
excursion (CIE) of >1h recorded in marine sediments deposited at this time. The
transient 220 Ka warming [Norris and Rohl, 1999] resulted in changes in biota with mass
extinction of some benthic organisms (35 - 50 % of cosmopolitan benthic foraminifera
[Norris and Rohl, 1999] and the global dominance of Apectodinium within dinocyst
assemblages [Crouch et al., 2003]. Crouch et al. [2003] suggest increases in terrestrial
weathering were required to provide nutrients within run-o to sustain the dino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populations. A coincident transient increase in the 187Os/188Os ratio within marine
sediments and an increase in kaolinite within uvial sediments deposited during the
PETM also imply an increase in the weathering of continental crust [Kelly et al., 2005;
Peucker-Ehrenbrink and Ravizza, 2000].
Although the PETM represents the most signicant temperature shift within the Eocene,
there are a number of other transient temperature increases with similar characteristics
including the Eocene thermal maximum 2 (ETM2) which occurred at 53.7 Ma [West-
erhold et al., 2007]. This warming event is also marked by a CIE but it is of a smaller
magnitude than that of the PETM.
1.4.4 Summary
The Triassic climate was dominantly warm and dry, with temperate conditions extend-
ing into polar regions. The regions now assembled into modern Europe were largely dry
with subtropical to arid conditions. The climate of the Early Jurassic was not signi-
cantly dierent from that of the Triassic. However the Triassic - Jurassic boundary did
experience a period of global warming with thermophilic plant species dominating Eu-
rope. Tropical climates are found in Europe in the Late Jurassic but these are conned
to the Tethyan margin, and the inland regions remain hot and dry. The lower Cretaceous
was characterized by a period of global warming that peaked during the mid-Cretaceous
with temperatures at the highest levels reached in the Phanerozoic. This time period
coincided with globally high sea levels which only receded in the Late Cretaceous. Tem-
peratures decreased during the Late Cretaceous but remained relatively high into the
Cenozoic. The Paleocene experienced a general trend to increasing temperatures, which
culminated in the EECO. Superimposed on this trend the PETM and ETM2 events
represent periods of transient extreme global warming. The climate cooled from the
EECO and permanent ice sheets in the Antarctic regions were developed at the begin-
ning of the Oligocene. The Earth experienced a brief period of warming during the
Mid-Miocene after which temperatures continued to fall, with northern hemisphere ice
sheets developing at the end of the Miocene.
It has been suggested that the majority of laterites form in humid tropical and humid
savannah environments [Brand et al., 1998; Freyssinet et al., 2005]. The review of
European climate history suggests that much of the past 250 Ma was conducive to
laterite formation. With globally warm temperatures and relatively high rainfall over
much of Europe until the Mid-Miocene.Chapter 1. Introduction 21
1.4.5 The paleoclimate of Turkey and Albania during the formation of
the C alda^ g and Bitincke nickel laterite deposits.
The assessment of European climatic variations provides a basis for determining stages
of lateritization on a large scale. The paleoclimate of specic terrestrial regions is more
dicult to determine. Paleoclimatic research within western Turkey concentrates, by
necessity, on individual depositional basins and therefore, commonly only provides lim-
ited paleoclimate data over relatively short durations. However by combining a number
of dierent studies a paleoclimatic history can be determined. Paleoclimatic data from
Albania is extremely limited and assessment must be made by using studies from the
surrounding regions, making sure paleogeographical variations are taken into account.
1.4.6 Western Turkey
Paleoecological data derived from coal-bearing Eocene sediments have been analyzed
using the coexistence approach (COA), which works on the assumption that plant taxa
have similar climatic requirements to their nearest living relatives [Akkiraz et al., 2006,
2008]. Samples from basins in central and western Turkey record similar paleoclimatic
conditions, with palynological assemblages within coal deposits in the Yozgat - Sorgun
area (central Turkey) indicating mean annual temperatures between 16.5 - 18.8 oC and
24.8 and 25 oC indicative of both tropical and sub-tropical conditions with high rainfall
(Fig. 1.6) [Akkiraz et al., 2008]. The range in values for the region is interpreted as a
variation from near-shore to montane conditions with colder temperatures in montane
regions. The results from the study in central Turkey agree with those from Western
Turkey with mean average temperatures (MAT) temperatures ranging from 24.8 to
25 oC. Humid subtropical conditions dominated the west of Turkey during the Early
Oligocene [Akkiraz and Akgun, 2005]. Akkiraz et al. [2007] presented COA values from
the palynofacies within the Incesu Formation, (Isparta, 230 km SE of C alda^ g), which
indicate MAT between 17.2 and 20.8 oC and high rainfall, 1217 - 1520 MAP during the
Early Oligocene.
The use of the coexistence approach combined with the relative proportion of paleotrop-
ical and arctotertiary oral elements (P/A) allowed Akgun et al. [2007] to assess the
paleoclimate of Turkey during the Oligocene and Miocene. Climatic conditions become
progressively cooler from the Late Oligocene through the Miocene (Fig. 1.6). Warm sub-
tropical conditions dominate the Late Oligocene and Early Miocene with MAT ranging
from 16.5 to 21.3 oC. The Langhian was subtropical, temperatures become cooler in
the Serrevalian and the early Tortonian was warm temperate, becoming seasonally dry
towards the end of the age. Importantly the climatic variations recorded through theChapter 1. Introduction 22
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Miocene are expressed as changes in CMM temperatures with relatively little variation
in WMMT (Fig. 1.6). This corresponds with the increase in seasonality recorded by
Mosbrugger et al. [2005]. The Middle Miocene climatic optimum is recorded in Anatolia
by an increase in the lower boundary of the CMM temperature during the latest Burdi-
galian and early Langhian, a similar record to that preserved in Germany [Mosbrugger
et al., 2005].
Tavlan et al. [in press] [Appendix B] have used all the available literature on the plaeo-
climate of Turkey to produce a terrestrial record of paleoclimatic variation from the
Paleocene to present day. This is compared in Figure 1.6 with data from central Eu-
rope [Mosbrugger et al., 2005], Serbia [Utescher et al., 2007] and global isotope derived
climate records [Zachos et al., 2008]. The data show that on the whole the climate in
Western Anatolia was signicantly warmer than European regions. This is due in the
most part to the paleolatitude of Anatolia which has been lower than that of Europe
for at least the last 200 Ma. Figure 1.6 demonstrates the importance of assessing the
variation in CMM temperature, with increasing seasonality in West Anatolia related to
the generalized global cooling trend recorded in oxygen isotope variations [Zachos et al.,
2008].
1.4.7 Albania
Paleoclimatic data focusing on Albania is very limited however there are a number of
studies pertaining to other Balkan countries that were paleogeographically linked to, or
very close to, Albania from the beginning of the Mezosoic. Utescher et al. [2007] use
14 mega oras with a mean diversity of 30 taxa to establish paleoclimatic conditions
during the last 30 Ma in Serbia by using the coexistence approach. The means of
coexistence intervals are tentatively connected, interpolating between single oras to
establish a climatic curve (Fig. 1.6). The highest temperature recorded is within the
Oligocene with a MAT of 20 oC and CMM temperature of 10 oC. Temperatures decrease
at the Oligocene - Miocene boundary (MAT; 15 oC, CMM temperature; 4 oC) before
increasing in the Middle Miocene with CMM temperature of 8 oC and MAT of 17 oC.
From the Mid-Miocene temperatures experience a continuous cooling and seasonality
becomes increasingly pronounced. WMM temperatures are relatively unchanged by the
cooling, remaining at 26 oC. Late Miocene CMM temperatures are 3 oC and MAT is 16
oC, this corresponds well with data collected by Ivanov et al. [2007] who report CMM
temperatures of 4 oC and MAT of 16 oC from West Bulgaria in the Late Miocene.Chapter 2
Methods
2.1 Geological and prole mapping
2.1.1 C alda^ g
Three main pits, along with numerous smaller exposures and trenches were available
for the study of the laterite prole at C alda^ g. The three pits range in size from the
the South pit at 200 x 75 x 40 m to the Hematite pit which possess 5 separate benches
and measures 200 x 150 x 60 m. Green line mapping of the South and North pits,
where the high angle of dip results in successive laterite zones exposed on the surface,
was undertaken on a scale of 1:1000. Laterite prole analysis, which included detailed
logging and sampling, was undertaken in the South and Hematite pits, the high angle
of dip in the south pit allowed for the logging of the laterite prole over a distance of
100 m as the saprolite-limonite boundary was exposed on successive benches.
2.1.2 Bitincke
The main exposure of the Bitincke laterite occurred in the Treni and Kapshtica mines,
which were small scale operations relying on the variations in topography to expose
the laterite in the base of hills. The laterite was exposed for 400 m horizontally in
these mines and the majority of the prole was exposed vertically. Core drilled by
European Nickel Plc allowed for a comparison with a prole which was not exposed at
the surface. Detailed logging was undertaken from the two mine sites and through a
number of dierent cores and sample collection took place through the prole in the
logged sections.
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2.2 Sample collection
Samples for micromorphological investigations should remain relatively undisturbed and
intact during collection. In some instances samples were suciently cohesive to allow
samples to be taken directly from the prole. However where samples were more fri-
able, a procedure was adopted whereby samples were preserved within a sample box,
then impregnated with resin allowing for the preparation of thin sections and polished
blocks to be made. Samples were generally taken in succession up through individual
laterite proles in order to characterize the bulk mineralogical changes that occur during
weathering.
2.3 X-ray uorescence spectrometry
Samples were subjected to major element XRF analysis at the University of Southamp-
ton using a Phillips PW1400 X-ray spectrometer with a 3 kW Rhodium anode X-ray
tube. 0.5 g of homogenised powdered sample was fused with di-lithium tetraborate ux
to produce a dilution of 5:1.
The detection limit for a particular technique occurs when a signal cannot be distin-
guished from background readings. On an XRF spectrometer the detection limit of an
element varies depending upon elemental interferences and type of X-ray tube employed.
Detection limits for this study are shown in appendix A. Elemental overlap interferences
are eectively removed by the Philips Magix-PRO software.
Precision is measure of reproducibility and it is measured by the deviation of data
relative to a mean within a set of replicate analyses. The reproducibility of XRF data
depends on the concentration relative to the elemental detection limit and the excitation
eciency for the element in question [Potts, 1987]. In this study average precision is
shown as relative route mean square values in Table 2.1. Values are calculated from 12
replicate analysis of sample A30. This sample was chosen as it is representative of the
majority of the analyzed samples. The lower precision values are associated with low
concentrations of the element (e.g. TiO2) within the sample.
The data are presented in appendix A, many of the XRF totals are poor (< 70%).
Low XRF totals are commonly found when analyzing lateritic material due to combined
water within the sample which is not completely driven o until a temperature of 700
to 800 oC is reached. CO2 from organic matter is driven o at 500 oC whereas CO2
from carbonate is released between 900 and 1000 oC [Butt and Nickel, 1981; Colakoglu,
2009].Chapter 2. Methods 26
Table 2.1: XRF precision data presented as relative route mean square concentrations.
Measurments 12
Result type SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO K2O Na2O P2O5 SO3
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
RMS rel. conc 0.47 11.9 0.62 0.20 0.75 0.30 2.27 5.23 6.89 3.44 8.10
Result type Sr Zr Ni Cr Pb Zn Cu Co V Ba
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
RMS rel. conc 4 22 0.1 0.26 179 0.8 7 1 3 66
2.4 Thermal ionisation mass spectrometry
Strontium was separated from the sample matrix by standard ion-exchange techniques
using columns loaded with 80 l of Sr-spec ion exchange resin. Sr isotopes were measured
on a VG sector 54 Multi-collector Thermal Ionisation Mass Spectrometer at the National
Oceanography Centre. Sr samples were loaded onto outgassed Ta laments using a Ta
activator solution.
Sr isotopes were measured with >2V 88Sr (2x10 11A ion current). The 87Sr/86Sr ra-
tio quoted herein is the average of 150 determinations. The eects of fractionation
during measurement were corrected using normalization of 86Sr/88Sr = 0.1194. Repeat
measurements (n= 12) of the certied strontium isotope standard reference material,
NBS 987 gave mean values of 87Sr/86Sr of 0.710550 0.000019 (2) for the period of the
analyses. Sr-Spec column blanks were less than 30 picograms and the sample size was 1
g.
2.5 Electron microprobe analysis
Electron microprobe analyses were completed at the Natural History Museum on a
Cameca SX-50 electron microprobe equipped with a wavelength dispersive system. Anal-
yses were conducted at 15 kV and 20 nA and counting times ranged from 10 to 50 s for
spot analysis. The detection limits in weight percent for NiO, SiO2, Al2O3, FeO, MgO
are 0.03, 0.02, 0.01, 0.03 and 0.01 respectively.
2.6 Scanning electron microscopy
Scanning electron microscopy (SEM) was carried out on a Jeol JSM 6400 SEM located in
the National Oceanography Centre, University of Southampton. Images were acquired
in backscattered electron imaging mode. The SEM was operated at an acceleration
voltage between 15Kv and 20Kv and a probe current of 1nA to 1 uA depending on the
imagining requirements.Chapter 2. Methods 27
2.7 Micro X-ray uorescence spectrometry
Micro XRF element scans were completed on an EDAX Eagle 3 Micro X-ray uorescence
spectrometer with a Rhodium anode X-ray tube. The sample was impregnated with resin
and cut to produce a at surface. The sample was analyzed in the X-ray uorescence
laboratory of the University of Southampton with the following operating conditions:
40 kV, 100 mA with an irradiation spot of 277 m and a count time of 15 seconds.
2.8 X-ray diraction
X-ray powder diraction data were collected at the Natural History Museum using a
Nonius PDS120 Powder Diraction System with an INEL curved position sensitive de-
tector (PSD). This detector has an output array of 4096 digital channels representing
an arc of 120o 2 and permits the simultaneous measurement of diracted X-ray intensi-
ties at all angles of 2 across 120o with a static beam-sample-detector geometry. Copper
K1 radiation was selected from the primary beam using a germanium 111 single-crystal
monochromator, and horizontal and vertical slits were used to restrict the beam to a size
of 0.14 by 2mm respectively. Measurements were made in reection geometry with the
powder sample surface at an angle of 5o to the incident beam. Data collection times were
30 minutes for each sample and the angular range recorded was 5o - 120o 2. Y2O3 and
silver behenate was used as an external 2 calibration standard and the 2 linearization
of the detector was performed using a least-squares cubic spline function. Each sample
was ground to a ne powder before being analyzed as a thin smear.
Powder X-ray diraction was used to identify mineral phases by search-match procedures
using STOE WinXPOW software containing the Powder Diraction File PDF-2 supplied
by the International Centre for Diraction Data (ICDD).
2.9 Fourier transform infrared spectroscopy
Due to the ne grained nature of the quartz samples, multiple grain boundaries and FeO
inclusions wafers proved impossible to analyze, instead `pure' silica was picked from the
samples, powdered and mixed with KBr and pressed into 3 mm diameter micro-pellets.
Micro-FTIR spectra were acquired for each sample in the region 600 - 4000 cm 1 at room
temperature and a resolution of 8 cm  1, using a Nicolet Protg 460 FTIR spectrometer
attached to a Ni-PlanTM IR microscope. Within this system the IR beam is reected
by a KBr beamsplitter and focused through the sample onto a liquid nitrogen cooledChapter 2. Methods 28
mercury -cadmium-telluride (MCT) detector; and aperture of 100 m x 100 m was used
to collect spectra. After collection the spectra of atmospheric CO2 were subtracted.
2.10 Grain and bulk density analysis
Samples were taken through Treni and Kapsthica laterite proles in the Bitincke deposit,
ensuring each zone in the prole was represented. Samples were dried, weighed and cov-
ered in paran wax before immersion in water to determine their displaced volume.
Bulk densities were calculated by mass per unit volume. Grain densities were estab-
lished by grinding the sample to <200 mesh, boiling to expel air bubbles and accurately
determining the volume in a volumetric ask. The grain and bulk densities obtained
here are comparable to published values from other deposits and values obtained by
European Nickel PLC for the Bitincke deposit.
2.11 Oxygen and hydrogen isotope analysis of goethite and
the determination of aluminium substitution
Care was taken to sample the most crystalline goethite samples from both the C alda^ g
and Bitincke deposits. Crystallinity was determined by the presence of a botryoidal
form, a darker colour and higher competency. All samples from the C alda^ g deposit
were taken from the same bench in Hematite pit, the height above the saprolite-oxide
boundary was measured in each case. Samples from the Bitincke deposit were taken
from the oxide portion of the Kapshtica prole. Bitincke samples were less crystalline
than those from C alda^ g and generally possessed a higher degree of contamination by
other minerals e.g. silica (Appendix C).
Samples were ground to a ne powder under reagent-grade acetone and air dried. The
mineral content of the samples was determined at The Natural History Museum by X-ray
diraction (XRD) powder analysis using a Nonius PDS120 Powder Diraction System
with an INEL curved position sensitive detector (PSD). Copper K1 radiation was used.
Measurements were made in reection geometry with the powder sample surface at an
angle of 5 o to the incident beam. Data collection times were 30 minutes for each sample
and the angular range recorded was 5 o - 120 o, 2 (Appendix C).
Hydrogen isotope analyses of the samples were performed according to the method of
Yapp and Pedley [1985]. A sample was rst outgassed at 100 oC in a vacuum for two
hours to remove non-stoichiometric water. The sample was subsequently heated to 1200
oC by radiofrequency induction in an evacuated quartz tube. Evolved water was thenChapter 2. Methods 29
reduced to H2 in a chromium furnace at 800 oC. The gas was then transferred to a
VG 602D mass spectrometer with a manual Hg, high gas compression inlet system, for
measurement of its hydrogen isotope ratio. Reproducibility, as measured by replicate
analyses of water standards (V-SMOW), was  2 h. Replicate analysis of international
mineral standard NBS-30 (biotite) yielded a reproducibility of around  3 h.
Oxygen isotope analysis were performed using a laser uorination procedure, involving
total sample reaction with excess ClF3, and using a CO2 laser as a heat source in excess
of 1500 oC [Sharp, 1990]. 100 % of O2 was released from the mineral lattice during the
combustion process. The O2 was converted to CO2 by reaction with hot graphite before
analysis on-line by a VG SIRA 10 spectrometer. Reproducibility is around  0.3 h
(1). Results are reported in standard notation as per mil deviations from V-SMOW
(D and 18O).
The goethite portions of the samples were dissolved using concentrated (12 M) HCl
at room temperature. The residual silicates were retained for oxygen isotope analysis.
Treatment with concentrated HCl does not appear to aect the isotope concentration
of the residual insoluble quartz [Bird et al. 1997; Yapp 1998].
The amount of aluminium substituted for Fe in goethite was determined by the method
of Schulze [1984]. The c and b unit cell dimension of goethite varies linearly with
aluminium substitution. The c dimension is calculated from the positions of the 111
and 110 X-ray diraction lines. The 95 % condence interval of the estimated value
is  2.6 mol % Al. The amount of substituted Al is reported as mol % which has an
analytical precision of 0.03 % (Appendix A).
2.12 The assessment of nickel laterite forming climates
The climatic conditions currently experienced by economically signicant nickel laterite
deposits were taken from the World Weather Information database. The database holds
climatic information for many of the World's major cities averaged over a 30 year
period. The nearest city to each deposit was used to dene the currently prevailing
climatic conditions. Where there was a substantial distance between the deposit and
the recorded climate data, other nearby cities were analyzed, taking into account vari-
ations in topography, to ensure the climate data for each was as accurate as possible.
The cold month mean (CMM) temperatures, warm month mean (WMM) temperatures
and precipitation for each deposit were used to assess the conditions for modern day
nickel laterite deposit formation. The great advantage of this methodology is that it
ensures that seasonality is assessed, a condition often obscured by using mean annualChapter 2. Methods 30
temperatures alone. The timing of formation for the majority of nickel laterite deposit
used in this study is listed in a comprehensive review by Freyssinet et al. [2005].
The climate conditions experienced by the C alda^ g and Bitincke paleodeposits were de-
termined by a literature review of paleoclimatic data obtained using the coexistence
approach. This method produces quantative terrestrial paleoclimate reconstructions in
the Tertiary based on the assumption that plant taxa have similar climatic requirements
to their nearest living relatives [Akgun et al., 2007; Akkiraz and Akgun, 2005; Akkiraz
et al., 2006, 2008; Ivanov et al., 2007; Mosbrugger et al., 2005; Utescher et al., 2007].
Where a range of temperature values emerged a mean value was used. These data were
compared to modern day nickel laterite deposit climatic data in order to establish pe-
riods in the geological record most conducive to laterite formation. All data used here
are presented in Table 7.1.Chapter 3
Composition and Origin of the
C alda^ g Oxide Nickel Laterite, W.
Turkey
This chapter forms the basis for a published paper: Thorne, R., Herrington, R. and
Roberts, S. [2009]. Mineralium Deposita, volume 44, pg 581-595.
Abstract
The C alda^ g nickel laterite deposit located in the Aegean region of W. Turkey contains
a reserve of 33 million tonnes of Ni ore with an average grade of 1.14 % Ni. The
deposit is developed on an ophiolitic serpentinite body which was obducted onto Triassic
dolomites in the Late Cretaceous. The deposit weathering prole is both laterally and
vertically variable. An oxide zone, which is the main ore horizon, is located at the base
of the prole. A hematite horizon is located above the limonite, which in the south of
the deposit is capped by Eocene freshwater limestones and in the north by a siliceous
horizon. The deposit lacks a signicant saprolite zone with little development of Ni-
silicates. The boundary between the limonite zone and serpentinite below is sharp with
a marked decrease in concentrations of MgO from 13 to 1 wt % over a distance of 2
mm representing the `Mg discontinuity'. Nickel concentrations within goethite, the main
ore mineral, reach a maximum of 3 wt % near the base of the limonite zone. Silica
concentrations are high throughout most of the laterite with up to 80 wt % silica in the
upper portion of some proles.
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The combination of a serpentinite protolith and a high water table at C alda^ g, in asso-
ciation with an aggressive weathering environment in a tropical climate, resulted in the
formation of an oxide-dominated deposit. Additional variations within prole morphol-
ogy are attributed to transportation during and after laterite development as a result of
faulting, pocket type laterite formation and slumping each of which produces a contrasting
set of textural and geochemical features.
3.1 Introduction
The C alda^ g nickel laterite deposit is located within the Aegean region of Turkey (Fig.
3.1) in the province of Manisa, approximately 70 km east of Izmir. The deposit has a
reserve of 33 million tonnes of ore with a grade of 1.14 % nickel and 0.07 % cobalt. The
deposit was recognised as an iron resource in the 1940s and mined in the 1950s. Nickel
resource potential was rst recognised by MTA between 1977 and 1983 [Yigit, 2009].
This chapter briey assesses the formation of laterites in Turkey and describes the results
of deposit and prole mapping, combined with mineralogical investigations of three
separate proles located within the C alda^ g deposit. The major formational processes are
identied by analyzing textural, mineralogical and morphological relationships within
the deposit.
3.2 Geological setting
There are three main ophiolite belts within Turkey, these are: 1) Northern; 2) Median
(Tauric); 3) Southern (peri-Arabic) (Fig. 3.1A). The ophiolites are suture zones repre-
senting separate basins within the Tethys Ocean. The suture zones separate the three
main tectonic units within Turkey (Fig. 3.2); the Pontides, the Anatolids-Taurides and
the Arabian Platform. The Pontides is composed of three terranes which were amalga-
mated in the mid-Cretaceous. The Pontides exhibit Laurasian anities and are compa-
rable to the tectonic units of the Balkans and Caucasus. They were all located north of
the northern branch of the Neo-Tethys. The closure of this ocean, forming the Izmir-
Ankara-Erzincan suture began in the Late Cretaceous and continued into the Palaeocene.
The Anatolides-Taurides exhibit Gondwanan anities but were separated from this con-
tinent by the southern branch of the Neo-Tethys. During the mid-Cretaceous a large
body of ophiolite and underlying tectonic slices were emplaced over the Anatolid-Tauride
terrane. The erosional remnants of this thrust sheet are found throughout the terrane.Chapter 3. The C alda^ g Oxide Nickel Laterite 33
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Figure 3.1: A. Location of the C alda^ g deposit in the Aegean region of Western Turkey.
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Ophiolites were also emplaced over the Arabian platform in the Late Cretaceous, sub-
sequently the continental collision with the Anatolides-Taurides, formed the Assyrian
suture in the Miocene [Okay and Tuysuz, 1999].
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3.3 Laterites in Turkey
Nickel occurrences in Turkey generally have a similar mineralogy, with oxide laterite
prospects found at Gordes, Gurlak (central eastern Turkey) [Yigit, 2009] and Sar cimen
(West Turkey) [Colakoglu, 2009]. These deposits are composed of transported and in-situ
oxide material and possess Ni grades of 1 %. The Sar cimen deposit is heterogeneous
with a transported sedimentary zone containing abundant silcrete fragments and iron
oxides. Nickel grades reach a maximum of 1.16 wt % in this horizon. There are many
other nickel laterite occurrences in Turkey but those studied are mostly minor, domi-
nated by iron oxides and appear to be of little economic potential. The exceptions to
this e.g. Kara cam, Central Turkey, are not currently mined specically for nickel.
Laterites preserved in Turkey can be broadly split into two morphologies; blanket and
pocket type (Fig. 3.3). Blanket laterites are preserved as a thin layer (<2 m) above the
protolith, they may often be transported, disaggregated and generally contain low nickel
concentrations. Pocket type laterites, possess a deeper weathering prole and are more
likely to contain in-situ zones and possess higher nickel concentrations. The observed
dierences in morphology may be due to a combination of variations in preservation
style and topography at the time of formation [Thorne et al., 2009].Chapter 3. The C alda^ g Oxide Nickel Laterite 35
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Figure 3.3: Laterite morphologies that occur in Turkey. A and C = pocket type
formation related to topography and faulting. B = blanket-type.
3.4 The C alda^ g nickel laterite deposit geological history
The C alda^ g nickel laterite is located in the Boronova Flysch Zone (BFZ), which is a 50 to
90 km wide tectonized zone within the north west of the Anatolide-Tauride block and is
located between the Menders massive and the Izmir-Ankara suture (Fig. 3.2). The zone
is composed of Maastrichtian - Lower Palaeocene greywacke and shale with Mezosoic
tectonized limestone olistoliths. Towards the east, the limestone-ysch of the Bornova
zone is associated with a Cretaceous oceanic accretionary complex of radiolarian chert,
basalt, pelagic shale, limestone, sandstone and serpentinite. Isolated bodies of peridotite
rest on this accretionary province [Okay and Tuysuz, 1999]. The Bornova Flycsh was
formed in the Maastrichtian - Early Palaeocene by the rapid foundering and destruction
of the Anatolian-Tauride carbonate platform and was covered by undeformed neritic
carbonates in the Early Eocene. This limits the period of deformation and uplift to the
Late Palaeocene. In the C alda^ g region the ophiolite was locally overlain in the Early
Eocene by the Ba slami s Formation. This formation is composed of a conglomerate con-
taining ophiolite derived clasts overlain by sandstones, marls and limestones [Akdeniz,
1980]. The composition of the clasts within the conglomerate indicate that the ophiolite
was exposed and subject to erosion prior to the Early Eocene [Tavlan et al. in press]
(Appendix B). The age of the BFZ deformation and overlying sediments suggest that
laterite formation could have begun as early as the Late Palaeocene (58 Ma).
North-south compression of the Anatolide-Tauride block continued in the Early to Mid-
dle Miocene in western Turkey and continues today in the east. Neotectonic deformation
in Western Turkey is dominated by extension. This regime was initiated in the Late Mi-
coene and is controlled by the westward motion of the Anatolian block along the North
Anatolin fault system. The deformation has resulted in the formation of horsts and deep
sediment lled grabens. The Gediz Graben is the northernmost of three grabens which
cut across the Menderes Massive (Fig. 3.1B) located to the southeast of the BFZ. The
Gediz Graben extends into BFZ and C alda^ g deposit is located within this extensionalChapter 3. The C alda^ g Oxide Nickel Laterite 36
system (Fig. 3.1B). The Gediz detachment, which controls the extension in the north of
the graben has been dated at 20 - 18 Ma by 40Ar/39Ar dating of amphibole from syn-
tectonic granodiorite [Lips et al., 2001]. Activity along the Gediz Graben detachment
continued up to the latest Miocene. During this period of extension the C alda^ g ophio-
lite was probably exposed and subject to lateritization. The deposit was unconformably
overlain by the Develi Formation in the latest Messinian, providing a maximum age
for laterization. This formation is composed of fanglomerate, conglomerate-sandstone,
sandstone-mudrock and limey mudrock members. The Devli formation is overlain uncon-
formably by the Halitapsa Formation which in turn is overlain by the Kizildag Formation
[Kaya et al., 2004]. Movement along a transpressive NW-SE trending dextral strike slip
fault resulted in the thrusting of pre-Paleogene basement over upper Pliocene - Early
Miocene sediments [Kaya et al., 2004]. This local compressional regime is correlated
to the unconformity between the Halitapsa and Kizildag Formations. The last stage
of deformation within the C alda^ g region is E - W and NE - SW trending high angle
normal faults which constitute the margin-bounding faults of the Alasehir half graben.
The total displacement on these faults may amount to more than 1000 m. The age of
this faulting is post-early Pliocene [Kaya et al., 2004] and is commonly observed within
the C alda^ g deposit.
3.5 Laterite proles at C alda^ g
Weathering proles at C alda^ g can be divided into zones based on appearance, texture,
mineralogy and thickness. Investigated proles across the deposit broadly display the
same characteristics: a limonite (oxide) zone, which is the main ore zone, located below a
redder, more hematitic horizon, which in the south of the deposit is capped by carbonate
material and in the north by a siliceous horizon. Extensional faulting is common in the
region with a number of proles cut by normal faults with a displacement of up to 10
m. Although the proles within the deposit are broadly similar there are marked local
variations in texture, morphology and mineralogical composition (Fig. 3.4).
3.5.1 South Pit
The unweathered serpentinite protolith which crops out in the South Pit (Fig. 3.4) is
ne grained, grey-green and variably fractured. Anastomosing calcite and magnesite
veins cut through the serpentinite but do not penetrate into the limonite above. The
overlying limonite zone shows a sharp contact with the serpentinite (Fig. 3.5), with
small (<2 mm) veins of limonite penetrating up to 15 cm into the serpentinite. The
base of the limonite is banded, with varying amounts of goethite and asbolane, theChapter 3. The C alda^ g Oxide Nickel Laterite 37
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upper portions are disaggregated and contain limonite blocks cemented with calcite. Up
section a hematite zone dominates, containing blocks (<10 cm) of dark grey silicied
laterite as well as small (<2 mm) fragments of calcite commonly in layers (Figs. 3.6A,
3.7). The upper portions of this horizon are pervasively veined with calcite, forming a
reticulate texture (Fig. 3.5). The hematite zone is unconformably overlain by freshwater
Maastrichtian micritic limestone which contains bands of reworked hematitic material.
Finally the micritic limestone is overlain by sparitic limestone containing rare bivalves.
The entire laterite prole within the south pit dips at 40 o to the south west, the proles
exposed in each bench have been logged enabling the the variations within the laterite
over a distance of 100 m to be assessed (Fig. 3.7). The morphology of the laterite prole
changes dramatically across the pit with each bench displaying dierent characteristics
(Fig. 3.7). Nevertheless the main zones are recognisable within each of the proles
studied. The limonite zone increases in the thickness towards the east and the reticulate
veining within the hematite zone is absent in this prole. The base of each prole
is dominated by layered limonitic material with minor asbolane which may possess a
botryoidal form. The laterite generally becomes more disaggregated with height within
the pit with the uppermost benches displaying proles dominated by blocky material.
Very few individual horizons can be correlated from prole to prole, although a thin
siliceous zone is present within benches 0 - 2.
3.5.2 North Pit
In the North Pit the protolith is grey-green serpentinite containing calcite veins which
locally show a reticulate form. The overlying limonite horizon comprises disaggregated,
predominantly limonitic blocks with calcite or silica cement (Fig. 3.6B). Up section, the
prole takes on a red-brown colour suggesting a higher content of hematitic material
compared to the limonite zone (Fig. 3.5). Within this zone thick (20 cm) subvertical
continuous veins of calcite are present. The uppermost horizon in the North Pit is
yellow-brown soil which has a disaggregated appearance. Calcite is found throughout
the zone acting as cement.
3.5.3 Hematite Pit
The protolith exposed in the Hematite Pit is light brown-green serpentinite that contains
brown goethite veins which form irregular circular patterns. These veins cross cut rare
white magnesite veins and the contact between the serpentinite and limonite, whilst the
magnesite veins are conned to the serpentinite (Fig. 3.6C). The boundary between the
limonite zone and the underlying serpentinite is sharp (Fig. 3.5) but relic serpentiniteChapter 3. The C alda^ g Oxide Nickel Laterite 39
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Figure 3.6: Lithostratigraphic logs of the laterite prole in the South, North and
Hematite Pit, the three principal excavations within the C alda^ g deposit. Sampling
locations and numbers are shown in red.
can be found within the limonite up to 40 cm above the contact. The limonite is
generally ne grained, yellow-brown and contains irregular continuous goethite veins.
In places the limonite is more competent and silicied; these areas appear to be in-situ
with gradational boundaries and are commonly bounded by goethite veins. At a height
of 18 m the limonite zone takes on a disaggregated appearance and is characterized
by a lack of goethite veining and a blocky appearance. Some areas at the top of this
horizon display a red colour similar to that of the hematite zone within the South Pit.
An uppermost silica horizon has a gradational contact with the limonite below, silica
increases in abundance over a total distance of 20 m until the upper 15 m of the prole
is composed of up to 80 % silica, giving a distinct white colouration to the pit face at
this level (Fig. 3.5).
Dierences within the proles on the north and the south side of the Hematite Pit are
apparent. The prole in the north (Fig. 3.6C) contains goethite veins within both theChapter 3. The C alda^ g Oxide Nickel Laterite 41
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serpentinite and the limonite zone, and magnesite veins are found exclusively within the
serpentinite. In the south of the pit the goethite veins are no longer present and calcite
veins dominate. There is a general dip of all the horizons within the laterite in this pit
of 20 o to the northwest. The log of the prole indicates that disaggregation increases
towards the top of the prole and banded limonitic material is rare (Fig. 3.6C).
3.5.4 Summary
The majority of the C alda^ g laterite is composed of limonitic material without original
igneous textures, which is in direct contact with the serpentinite beneath. Notably,
saprolite is not a signicant part of the proles at C alda^ g and was rarely observed. The
constituent minerals within the limonite vary little between proles with the exception
of carbonate which is more common in the south of the deposit. Limonite in the form
of ne grained goethite dominates the horizon. The main dierences occur within the
structure of this zone. The southern proles display distinct banding and blocky areas,
whereas proles further north display prominent goethite veins. The hematitic zone is
best developed in the south of the deposit where it displays a banded structure and
in some areas contains blocky calcite-rich material. The more northern proles do not
always have distinct hematitic horizons though they do exhibit the redder coloured areas
at the top of the limonite zone associated with hematite. The uppermost horizons of the
South Pit proles are composed of calcite-rich hematitic material, whilst the uppermost
20 m of the Hematite Pit prole is dominated by a siliceous horizon.
3.6 Micromorphological analysis of the weathering prole
Microprobe analyses, transmitted light microscopy, micro XRF scans and SEM images
enable the changes in mineralogy and texture within the laterite proles to be assessed.
The observed variations are related to the weathering and transportation history of the
deposit.
3.6.1 South Pit
Within the protolith of the South Pit original igneous textures in the peridotite are
evident and where serpentinization is not complete relict olivine and orthopyroxene with
unaltered cores are present (Fig. 3.8A). The degree of serpentinization is heterogeneous
and can vary at the scale of a thin section with alteration of olivine to serpentine along
fractures and as coatings on the edges of olivine grains. Olivine and orthopyroxeneChapter 3. The C alda^ g Oxide Nickel Laterite 43
become increasingly altered towards the boundary with the overlying limonite zone and
as the proportion of iron oxide increases. In particular, olivine shows thin coatings of
dark, ne grained iron oxide-oxyhydroxide along grain boundaries and fractures. This
alteration is particularly apparent adjacent to calcite veins which cross cut the peridotite.
In areas of more intense alteration, olivine is completely replaced by iron oxides; this
more intense alteration occurs in patches aecting 5 or 6 individual crystals, or it can
focus on one crystal without aecting those nearby. Voids are common in areas where
complete replacement of olivine by iron oxide has occurred (Fig. 3.8A). Within 30 cm
of the limonite boundary no original igneous textures are evident and the prole is
dominated by iron oxides.
Limonite horizons are comprised of orange and yellow brown layers (Fig. 3.8B). The
banding in the limonite zone is most prominent toward the base of the horizon but
decreases in regularity and denition upwards and is no longer apparent 6 m above the
serpentinite-limonite boundary. Samples from the hematite zone are much darker in
appearance (Fig. 3.8C), quartz veins are common at the base of this horizon and are
often cross cut and oset by later calcite veins. In a gradational process the quartz veins
are replaced by ne grained calcite which becomes coarser grained with height in the
prole (Fig. 3.8D). Recrystallized bivalve shells are present within sparitic limestone
overlying the laterite. The presence of calcite as both veins and disaggregated pieces in
the laterite indicates that lateral migration of HCO 
3 bearing uids must have occurred
after or during laterite formation.
3.6.2 Hematite Pit
The protolith in the Hematite Pit also comprises serpentinized peridotite exhibiting a
characteristic mesh texture (Fig. 3.8E, I). Olivine is present within the least altered
protolith samples (Fig. 3.8I), surrounded by a serpentine lattice. As the protolith
weathers olivine is the rst mineral to be destroyed leaving behind voids (Fig. 3.8I),
these voids are subsequently lled with Fe-oxides and more rarely with microcrystalline
quartz (Fig. 3.8E; Fig. 3.9). Micro XRF element maps demonstrate that with a few
exceptions, both Ni and Si are distributed relatively evenly through the serpentinite
(Fig. 3.10). Areas where Si is concentrated can be attributed to the precipitation
of silica produced during the weathering of primary silicates. Goethite veining can
penetrate up to 2 m into the serpentinite from the weathering front. The veins follow
fractures and often show a gradational contact with the serpentinite. Iron oxide staining
spreading from the goethite veins leads to large areas of the protolith being distinctly
orange (Fig. 3.8E). Chrome spinel grains are present throughout the protolith and are
commonly fractured and cut by serpentine veins. Chrome spinel is preserved during theChapter 3. The C alda^ g Oxide Nickel Laterite 44
V
Protolith
Limonite
Hematite
Boxwork
South Pit
A
B
C
D
Lim
Protolith
Limonite
Siliceous
FeO
Lim
E
F
G
H
Hematite Pit
Cal
Qtz
Qtz
Qtz
Qtz
Ol
Sp
Qtz
S
Sp
Sp
Sp
Qtz
Qtz
Qtz
Lim
Qtz
Qtz
I
J
K
L
Spl
Qtz
Lim
Spl
Lim
Qtz
Qtz Qtz
Sp
Sp
Sp
Ol
V
Photomicrographs SEM images Photomicrographs
V
5m m 5m m 0.75 mm
Figure 3.8: Photomicrographs (XPL) of protolith and laterite samples from C alda^ g.
South Pit. A. Original igneous textures at the base of the prole. Olivine (Ol) altered
to both amorphous iron oxides and serpentinite (Sp) with cross cutting calcite veins.
Close to the contact with the limonite olivine has been completely altered to serpen-
tine and iron oxide. B. No igneous textures, the rock is highly porous and dominated
by iron oxides which display banding in the base of the limonite (Lim). C. Broken
quartz (Qtz) veins surrounded by very dark hematite rich material. D. Calcite (Cal)
dominates with rare ne grained quartz. Hematite Pit. E. Serpentinite with microcrys-
talline quartz, stained orange around iron veins. F. Protolith - limonite boundary. The
protolith is composed dominantly of serpentine; within 1 mm of the boundary quartz is
common. G. The base of the limonite zone contains a mesh texture similar to that ob-
served in the serpentinite. H. The amount of quartz increases and iron oxide decreases
towards the top of the prole. The uppermost horizon is composed almost entirely of
microcrystalline silica. I. Serpentine surrounding olivine and iron oxide. Dissolution
of olivine leaving voids (V) within serpentine. J. Serpentine-limonite transition zone;
serpentine and quartz are replaced by iron oxide veinlets over a distance of less than
2mm. K. Homogeneous goethite, no evidence of movement. Broken clastic textures
provide evidence of movement within the prole. L. Silica rich laterite. Field of view
in all Photomicrographs = 10 mm. Field of view in all SEM images = 2.5 mm.Chapter 3. The C alda^ g Oxide Nickel Laterite 45
weathering process and is therefore common within the limonite and overlying zones
(Fig. 3.10).
The boundary between the serpentinite and the limonite is sharp with geochemical and
structural changes occurring over a distance of less than 2 mm. The serpentinite in
contact with the limonite zone contains quartz distributed in a band parallel to the
weathering front. The limonite in direct contact with the serpentinite appears struc-
tureless under transmitted and reected light, but SEM and microprobe map images
reveal numerous iron oxide veinlets penetrating into the serpentinite (Fig. 3.8J; Fig.
3.9). The iron oxide veins will exploit microfractures in the protolith and precipitate as
the Mg and Si bearing serpentinite is destroyed (Fig. 3.9). The leaching process that
destroys the serpentine and removes the Mg and Si is so ecient that relic material is
rare within the limonite. The limonite within 1 m of the weathering front exhibits a
millimetre scale banded texture with alternating bands of structureless iron oxide be-
tween bands displaying a texture reminiscent of serpentinite. The mesh texture within
the limonite is thought to be pseudomorphic after serpentinite. Similar textures have
been observed in other nickel laterite deposits, when the serpentinite is dissolved a small
amount of nickel rich goethite organised as a replica of the serpentinite lattice remains.
This lattice is preserved until all the serpentinite has been destroyed [Trescases, 1997].
Asbolane and quartz, observed as layers of Mn and Si in Figure 3.10, also occur within
the base of the limonite zone. At the base of the limonite zone Ni concentrations are
highest where residual Si remains (except quartz) suggesting Ni is held within secondary
silicates (e.g. Ni-rich serpentine) (Fig. 3.9). As Si is rapidly removed from the prole
during weathering, Ni within silicates represents a very minor proportion of the to-
tal reserve. The majority of the Ni is associated with goethite which at the base of
the limonite zone (above the 1 m horizon with the mesh texture) is structureless and
contains small voids and rare chrome spinel grains (Fig. 3.8K). Siliceous areas in the
limonite zone are conned to blocks (<10 cm) which contain silica veinlets and as a
result are more competent than the surrounding limonite. The texture of the limonite
changes up section, with banded iron oxide fragments and silica veins with an angular
disaggregated texture (Fig. 3.8K) present at a height of 20 m within the prole. Above
this point, limonite textures remain brecciated and the amount of silica increases with
height. The upper portion of the prole in the west of the Hematite Pit is dominated
by a 15 m thick silica zone (Fig. 3.8H, L). This horizon comprises white to dark grey
silicied material which displays a variation in morphology across the horizon from a
white incompetent powder to more indurated silicied blocks and vein networks which
in some places forms a reticulate pattern surrounding limonite material.
The micromorphological analysis of the South and Hematite Pit proles shows the lat-
erite is mineralogically similar in both pits, with the majority of the laterite composedChapter 3. The C alda^ g Oxide Nickel Laterite 46
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Figure 3.9: Electron microprobe element map of the boundary (weathering front)
between the limonite (Lim) and serpentinite (Sp). The more intense yellow indicates a
higher element concentration. 1. Mg content decreases as leaching removes the most
soluble element from the prole. 2. Goethite veins penetrate into the protolith, this
boundary represents the base of the limonite zone. 3. Relic Si within serpentine is
present within the base of the limonite zone. 4. The less altered protolith displays a
relatively homogenous distribution of Si around quartz (Qtz) crystals. 5. The highest
Ni concentrations are associated with relic silica.Chapter 3. The C alda^ g Oxide Nickel Laterite 47
Cr Fe
Si Ni Mn
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Figure 3.10: Micro XRF scan across the weathering front, displaying variations in Si,
Mn, Fe, Cr and Ni. The sample photograph displays the area scanned and the boundary
between the serpentinite (Sp) and the limonite (Lim), representing the weathering front.
Discrete spinel grains are apparent within the Cr map.Chapter 3. The C alda^ g Oxide Nickel Laterite 48
of ne grained goethite in the form of limonite. Both proles display distinct changes in
morphology; the South Pit laterite is banded near to the contact with the protolith and
becomes more disaggregated and structureless over a distance of 2 m up section. The
Hematite Pit laterite displays continuous goethite veins within the base of the prole
which again becomes more disaggregated with height, losing any continuous features.
The observed changes in morphology may be attributed to transportation mechanisms
during syn and post-laterite formation.
3.7 Electron microprobe analysis
An electron microprobe prole across the protolith-limonite boundary, which represents
the weathering front (Fig. 3.11), demonstrates a dramatic increase in FeO from 10 wt
% in the protolith to 46 wt % in the limonite and decreases in SiO2 from 20 to 7 wt %
and MgO from 13 to 1 wt %. The change in MgO concentrations over a distance of 2
mm marks the `magnesium discontinuity' above which the leaching process has removed
Mg by dissolution of silicate minerals. Nickel percentages stay approximately constant
(2.2 wt %) across the boundary but are much more variable within the serpentinite.
On average peridotite contains 0.3 wt % Ni [Lelong et al., 1976] with the majority of the
Ni present within fosteritic olivine which contains Ni concentrations between 0.2 and 0.4
wt % [Gleeson et al., 2003]. The Ni within the protolith in the C alda^ g deposit is present
within Ni-rich serpentine as all olivines have been destroyed at this height within the
prole. The variation in Ni concentrations reects the heterogeneity within the serpen-
tinite as various minerals found across the prole line are analysed. Aluminium shows
the opposite trend to Ni concentrations with more variation within the limonitic zone
with concentrations averaging 0.02 wt %. The increased variability of aluminium con-
centrations within the limonite zone probably represents diering degrees of aluminium
substitution for iron within goethite. The changes in element concentrations can be
attributed to the destruction of primary minerals and precipitation of goethite. This
process has occurred over a distance of less than 2 mm (Fig. 3.11) and has produced a
sharp physical and chemical contact between the protolith and limonite.
3.8 Whole-rock geochemistry
The weathering of an ultrabasic rock begins with the breakdown of olivine which re-
sults in the removal of Mg and Si leaving behind an insoluble residue which includes
iron and nickel which precipitated as ferric hydroxides and minor amorphous silicates,
forming an oxide deposit [Freyssinet et al., 2005]. This weathering sequence results inChapter 3. The C alda^ g Oxide Nickel Laterite 49
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a laterite prole with a specic geochemical signature and any deviation from this sig-
nature will indicate that the weathering process has been interrupted or altered. We
completed down-hole proles of the Hematite and South Pit illustrating variations in
element concentration with depth (Appendix A).
3.8.1 Hematite Pit
The lithogeochemical variation of the elements within the weathering sequence of the
Hematite Pit (Fig. 3.12A) show that the SiO2 and Fe2O3 concentrations vary antithet-
ically through the prole. MgO decreases dramatically from 22 wt % in the protolith
to <1 wt % in the limonite zone and remains low throughout the rest of the sequence.
Nickel concentrations are relatively high within the top of the serpentinite but reach
a maximum of 3 wt % within the limonite zone, above which concentrations gradually
decrease. Cobalt concentrations display a very similar pattern to nickel, with maxi-
mum concentrations of 1600 ppm within the limonite zone decreasing to 880 ppm in the
silicied zone above. Chromium concentrations increase gradually through the prole
to a maximum of 1.5 wt %, following a similar pattern to Al2O3; both of these ele-
ments (along with iron) are considered to be relatively insoluble [Oliveira et al., 1992]
and the increase in values towards the top of the prole can be attributed to residual
concentration processes.
3.8.2 South Pit
The distribution of the major elements within the South Pit prole displays a dierent
pattern (Fig. 3.12B) to that of the Hematite Pit. Fe2O3 increases from 9 wt % in the
protolith to a maximum of 45 wt % in the limonite zone decreasing to 16 wt % in the
hematite zone above. SiO2 concentrations are relatively high within the serpentinite (40
wt %), and show major variations which vary antithetically with Fe2O3 concentrations.
MgO concentrations decrease gradually from 6 wt % in the protolith to 0.3 wt % in the
limonite, above which there is a dramatic increase to 6 wt % in the hematite zone. Nickel
values are relatively low and unexpectedly show a general trend to increasing values
towards the top of the prole, reaching a maximum of 0.5 wt % within the hematite zone.
Cobalt concentrations display a very similar pattern to Ni with maximum concentrations
of 330 ppm in the top of the prole. Low nickel values correspond with higher CaO and
SiO2 concentrations. Overall Ni values are relatively low possibly due to transportation
and associated leaching of the Ni. Dilution of Ni grades by the precipitation of calcite and
silica will also decrease Ni concentrations. CaO values are comparatively high within
the South Pit and increase towards the top of the weathering sequence where valuesChapter 3. The C alda^ g Oxide Nickel Laterite 51
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reach a maximum of 50 wt %. Chromium values show a general decrease through the
lateritic prole, with the highest concentrations within the limonite zone.
3.8.3 Strontium isotopes
Strontium isotope data can be used to assess the sources of the uids from which the
carbonate within the deposit precipitated. The 87Sr/86Sr ratios of carbonate within the
C alda^ g deposit range from 0.7082 to 0.7108. The Hematite Pit carbonate has a Sr isotope
ratio of 0.7095, values from the South Pit vary between 0.7096 and 0.7105 and North
Pit carbonate possesses Sr isotope ratios of between 0.7095 and 0.7101. The sparitic
limestone which overlies the laterite in the south of the deposit has less radiogenic values
between 0.7082 and 0.7083. The results show (Fig. 3.13) that the sparitic limestone
cover which was deposited in a fresh water environment [Cagatay et al., 1981] has a
signicantly lower Sr isotope ratio at 0.708 than any other carbonate within the deposit
which varies between a maximum of 0.7101 and 0.7092. This suggests the limestone
was not the immediate carbonate source. When calcite precipitates in a non-marine
environment the strontium incorporated into the mineral has the same 87Sr/86Sr ratio
as the brine from which it precipitated. Chemical weathering of the protolith results in
the water in a particular drainage basin reecting the geology of that basin [Faure, 1986].
The broken nature of the calcite veins and the dierence in 87Sr/86Sr ratios between the
veins and the sparitic limestone suggest that the calcite was formed before the deposition
of the overlying sediments and from dierent uids from those that formed the limestone.
Carbonate within the prole is most likely sourced from the underlying dolomite.
3.9 Discussion
3.9.1 Weathering prole formation and evolution
The C alda^ g deposit is dominated by oxide ore. Many laterites e.g. Cerro Matoso in
Columbia and laterites of New Caledonia [Freyssinet et al., 2005; Gleeson et al., 2003]
possess secondary silicate zones, below the limonite zone which contains garnierites,
sepiolite and chlorite. The absence of secondary silicate minerals at C alda^ g is indicative
of specic environmental and geological conditions. The lack of a hydrous silicate zone
suggests that the leaching and transportation of nickel from the oxide zone thought
to be required to form secondary silicates [Freyssinet et al., 2005] has not occurred or
has been interrupted. This could be taken to indicate that the weathering period at
C alda^ g was relatively short, however in-situ prole thicknesses close to 20 m suggest
that weathering in the region was sustained over an extensive time period. AssumingChapter 3. The C alda^ g Oxide Nickel Laterite 53
87Sr/86Sr
Figure 3.13: 87Sr/86Sr ratios of various carbonate sources within the C alda^ g de-
posit(data table presented in Appendix A).
an average laterite weathering rate of 20 mm/kyr [Nahon and Tardy, 1992] the C alda^ g
deposit took at least 1 Myrs to form and the protolith was exposed at the surface for
50 Myrs [Tavlan et al., in press](Appendix B). Alternatively a high water table during
laterite formation would prevent leached nickel from interacting with actively weathering
primary silicates, resulting in little or no formation of nickel rich secondary silicates
[Freyssinet et al., 2005]. The prevailing climate during laterite formation also plays an
important role in the type of laterite deposit developed. Most laterites forming today
are formed in humid savannah type environments (e.g. Vermelho, Brazil), which have a
pronounced seasonality with a dry season lasting up to three months. The seasonality
promotes the formation of secondary silicates [Freyssinet et al., 2005]. As humidity
and rainfall increases the dierence in the weathering rate of the framework minerals
containing nickel (olivine and serpentine) decreases, leading to the formation of an oxide
dominated deposit [Lelong et al., 1976; Trescases, 1997]. This suggests that C alda^ g may
have formed in a climate with little seasonality. The degree of serpentinization of the
protolith also aects the relative development of dierent horizons within the laterite.Chapter 3. The C alda^ g Oxide Nickel Laterite 54
Protolith dominated by serpentinite will normally weather directly into goethite. In
contrast, the delay caused by the dierent weathering characteristics of olivine and
serpentine together allows for the formation of a silicate layer at the base of the prole
[Trescases, 1997]. At C alda^ g the Hematite Pit protolith is composed almost entirely of
serpentinite and the prole above contains signicant amounts of silica. A combination
of a serpentinized protolith, a high water table and a climate with little seasonality can
account for the thickness of the oxide zone and the lack of secondary silicates.
Cobalt can be an important part of the recoverable resource in nickel laterites. The
C alda^ g deposit contains up to 0.15% Co in the limonite zone of the hematite pit and
on average the deposit contains 0.07 % Co. Cobalt is found within fosteritic olivine,
in partial substitution for magnesium, at typical concentrations of 0.01 % [Carlson,
2004]. Weathering of the protolith liberates the Co which is then incorporated into
asbolane ((Ni,Co)2 xMn4+(O,OH)4.nH2O). Asbolane can form an important part of
the ore within nickel laterites and is commonly found associated with paleo - water
tables [Freyssinet et al., 2005]. It is most easily recognizable in the South Pit of the
C alda^ g as very dark coloured layers of ne grain crystal aggregates.
3.9.2 Downward progression of the weathering front
Textural analysis of the weathering front on the north side of the Hematite Pit shows
that there is no gradation from serpentinite to limonite, instead there is a very sharp
boundary where intensely veined iron oxides are found in direct contact with serpentinite.
Above this contact the limonite shows evidence of a mesh structure suggesting relict
serpentinite texture is preserved. The banded nature (on a mm scale) of the base of
the limonite indicates that the weathering front does not move downwards in a simple
linear fashion. The progression of the limonite zone is preceded by intense iron veining
observed today within the protolith. This veining provides a pathway for uids and the
alteration of the protolith spreads from these veins. The stages in the progression of the
weathering front are shown in Figure 3.14 and are all observed within the Hematite Pit.
Initially alteration is conned to the iron veins, as weathering proceeds alteration of the
serpentinite becomes more intense adjacent to the iron veins and iron oxides begin to
dominate the area between the veins. Serpentinite is often left isolated, forming relics
that can be found up to 2 m from the base of the limonite zone. Further weathering
results in the destruction of relics and the downwards progression of the weathering
front.Chapter 3. The C alda^ g Oxide Nickel Laterite 55
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Figure 3.14: Stages in the progression of the weathering front in the Hematite Pit.
The progression of the limonite zone is preceded by intense iron veining. This provides
a pathway for uids, leading to the alteration of the protolith progressing outwards
from these veins.Chapter 3. The C alda^ g Oxide Nickel Laterite 56
3.9.2.1 Hematite Pit
The base of the northern Hematite Pit prole is the only part of C alda^ g that can deni-
tively be described as in-situ. Goethite veining within the limonite is continuous and
crosses the contact between the protolith and limonite indicating no lateral movement
has occurred since the formation of these veins. The magnesium content of the prole
exhibits a dramatic decrease from the protolith into the laterite and there is a general
decrease in the amount of nickel above the limonite zone; these compositional changes
are indicative of leaching within an in-situ laterite. The contact between the limonite
and serpentinite is irregular and often displays interdigitation between the two litholo-
gies (Fig. 3.15) a pattern unlikely to survive if movement had taken place. Goethite
veining is no longer present 20 m above the limonite-protolith contact and the prole
becomes more siliceous and blocky indicating some degree of movement resulting in the
disaggregation of the prole. In contrast the northwest side of the Hematite Pit, which
due to the dip of the laterite represents the upper portions of the prole, shows distinct
zones with an intensely disaggregated appearance suggesting that transportation has
occurred over a short distance or in a number of dierent stages.
E
Serpentinite
Limonite
2m
Figure 3.15: Interdigitation between serpentinite and limonite at the base of the
in-situ laterite prole located on the east side of the Hematite Pit.Chapter 3. The C alda^ g Oxide Nickel Laterite 57
The transportation history observed in the Hematite Pit suggests the laterite may have
originally formed as a pocket in a topographic low (Fig. 3.16A). Laterites initially
form uniformly over uneven topography, but over time the prole forming in the highs
is eroded and transported into the lows producing prole morphology similar to that
within the Hematite Pit.
3.9.2.2 North Pit
On the evidence of this study there is no part of the prole in North Pit which is in-situ
as all structures or bands within the prole are discontinuous and rare. However, there
remains a distinct hematite zone observed over the limonite horizon, although this is
covered by a browner soil-rich horizon. The prole increases in thickness down dip with
the top of the section composed of a 1.5 m thick limonite zone overlain by a relatively
unbroken 2 m thick band of siliceous material. The thickening of the prole to 30 m in
height down dip and its heterogeneity suggests erosion and transportation of lateritic
material from previously formed laterites (Fig. 3.16B). This process was initiated along
faults in the region which created lows where transported laterite was deposited. Post
movement silicication has produced siliceous horizons which are generally unbroken
and in places silica cements blocks of lateritic material together.
3.9.2.3 South Pit
The prole in the east of the South Pit dips at 60 o to the south, and possess distinct
limonite and hematite zones. Small veins of limonitic material are found penetrating into
the serpentinite from the limonite above. The prole shows distinct continuous bands,
one of which is composed of grey, low-density siliceous material which is traceable over
a distance of 60 m. However, the top of the hematite zone, comprising ne grained
red hematitc material with siliceous blocks randomly distributed throughout the unit
appears to be reworked and entirely allochthonous. The lateritic material grades into
micritic limestone which also contains bands of hematitic laterite suggesting reworking
occurred at the top of the weathering sequence. The increase in MgO concentrations
towards the top of the prole must represent an input of MgO from another source.
As this element is the rst to be leached from the serpentinite at the beginning of
the weathering process it should not be present in signicant quantities within in-situ
laterite. The increase in values observed in the hematite zone indicates transportation
and movement after prole formation has taken place.
The morphology and geochemistry of the South Pit prole suggests tilting of the laterite
has resulted in faulting and slumping within the serpentine and laterite (Fig. 3.16C).Chapter 3. The C alda^ g Oxide Nickel Laterite 58
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This process has left some continuous horizons at the base of the prole and resulted in
increasing disaggregation towards the top of the weathering sequence.
3.10 Conclusions
The morphological and mineralogical composition of the C alda^ g oxide laterite reects
its formational history. Weathering in a tropical climate with relatively little seasonal-
ity combined with a serpentinite protolith and a high water table has formed an oxide
laterite with a high concentration of silica. The laterite has been modied by defor-
mation and surface processes during and after its formation. Three dierent types of
transportation mechanisms have been identied from the analysis of the deposit. These
have aected prole morphology, thickness and the nickel grade. Limonite within the
Hematite Pit contains the highest Ni concentrations within the C alda^ g deposit. Ni
grades decrease with height within the prole as silica comes to dominate, eectively
diluting Ni concentrations.Chapter 4
The formation and evolution of
the Bitincke Nickel laterite
deposit, Albania
This chapter forms the basis for a paper accepted for publication: Thorne, R., Roberts,
S., Herrington, R., [in press]. Mineralium Deposita.
Abstract
The Bitincke Nickel laterite, located in the south east of Albania, contains an estimated
resource of 35.6 million tonnes of nickel ore with a grade of 1.2 wt % Ni. The deposit
developed on peridotites within Late Jurassic ophiolites which were obducted in the Early
Cretaceous and which form part of the Albanian Mirdita ophiolite zone. Limestones
and conglomerates overlying the deposit delimit the minimum age of lateritization to
the Middle Eocene. The laterite is composed of two distinct zones characterized by
silicate nickel and iron oxide phases. Within the silicate zone, Ni concentrations reach a
maximum of 1.5 wt % and although laterally and vertically variable this zone is typically
characterized by olivine and serpentine at the base of the horizon which are gradually
replaced by secondary silicates and iron oxides up section. The boundary between the
silicate and the oxide zone above is normally sharp and characterized by an increase in
Fe2O3 (from 10 to 80 wt %), decreases in SiO2 (from 30 to 5 wt %) and a dramatic
reduction in MgO content (from 10 to 0.1 wt %). The oxide horizon is dominated by
goethite and displays relatively little variation in textural morphology or geochemistry.
Ni concentrations are greatest near the base of this zone, reaching a maximum of 2.3 wt
%.
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Laterite formation and variation in the thickness of the laterite was controlled by the
interaction between topography, faulting and protolith fracture density. Laterite which
formed on topographic highs was subject to increased rates of erosion, whereas laterite
within topographic lows, and in areas of relatively high fracture density, tends to be
thicker due to increased permeability. The most substantive sections of laterite developed
in small fault controlled basins and were preserved by the deposition of a sequence of
limestones and mudstones.
4.1 Introduction
There are over 16 reported nickel laterite occurrences in Albania which together contain
a total Ni reserve of 367 million tonnes at 1 wt % Ni [Fujita, 1996]. Many of the deposits
are either not currently exploited or are mined by small scale operations. The Bitincke
laterite is located in the south east of Albania, 40 km east from the town of Kor ce and
5 km from the Greek border (Fig. 4.1). The deposit has an estimated resource of 35.6
million tones at an average grade of 1.2 wt % Ni. Over the past six years 120000 tonnes
of ore has been mined from the deposit by a variety of small scale operations. This
study presents a short review of laterite deposits in Albania and eld observations and
geochemical data from two mine exposures and one core from the Bitincke deposit (Fig.
4.2). These new data help identify the major processes responsible for the formation of
the Bitincke laterite.
4.2 Geological setting and laterite formation in Albania
The Tethyan ophiolites formed during the Alpine orogeny are found in a curvilinear
suture zone corresponding to the boundary between a series of Gondwana derived con-
tinental fragments. The ophiolites represent a number of Tethyan marginal basins that
evolved during the rifting of North Gondwana in the Permo-Triassic. The ages of the
ophiolites progress from Jurassic in the west (Apline-Apennine mountains) to Creta-
ceous in the east (Anatolian, Turkey). The geochemical composition also varies, with
mid-ocean ridge basalt (MORB)-type signatures in the west and island arc in Turkey
and Cyprus in the east. Ophiolites in the Dinaride-Albanide-Hellinide system display
both MORB and supra-subduction zone (SSZ) anities [Dilek et al., 2008].
The Albanian laterites developed on the ultramac sequences of ophiolites, which form
part of a large NNW - SSE striking suture zone which includes the Dinaric ophiolites,
as well as the Pindos ophiolite, in Greece. The total length of the zone is 1000 km,Chapter 4. The Bitincke nickel laterite deposit, Albania 62
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extending from Croatia to Argolis (Greece) [Koller et al., 2006]. The Albanian ophiolites
occur in the Mirdita zone, within a nappe structure that is subdivided by most authors
into two belts; the Eastern and Western belts (Fig. 4.1) [Shallo, 1992, 1994]. Both belts
formed within the same Mezosoic Tethyan basin located between the microcontinent
of Apulia (Adria) and the Pelagonian fragment [Bortolotti et al., 1996; Smith, 2006].
40Ar/39Ar age dating of intrusive plagiogranites indicates that the Mirdita ophiolites
are on average 170 Myrs old, with a progressive change in age from 163 Ma in
northern Albania to 174 Ma in the south [Dilek et al., 2008]. Metamorphic soles which
formed during the obduction of the ophiolite give 40Ar/39Ar ages from amphibolites of
171-165 Ma with an average of 169 Ma. These data suggest that the formation of the
ophiolites occurred only a few million years before obduction [Dilek et al., 2008].
The Eastern ophiolite belt of the Mirditia zone ranges in thickness from 14 - 6 km, while
the Western ophiolites are only 2 - 3 km across. The western-type ophiolite is disrupted
into a series of large, mainly eastward dipping thrust sheets, while the eastern ophiolite
is much more intact, with exposure of major, 6 - 8 km thick thrust sheets [Robertson
and Shallo, 2000]. The western belt consists predominantly of MORB-type ophiolites
with lherzolites, troctolites, gabbros and MORB. The eastern belt is characterized by
harzburgites, wherlites, gabbronorites, plagiogranites and volcanic rocks. The volcanics
show a range of SSZ compositions from basalts to rhyolites. The models used to explain
the formation of these two contrasting ophiolites belts infer the presence of intra-oceanic
incipient subduction zones [Dilek et al., 2008]. Recently Hoeck et al. [2002] and Koller
et al. [2006] showed that in southern Albania the SSZ inuence is found within both
the volcanic suits and the ultramacs in the Western ophiolite belt. Hoeck et al. [2002]
suggested that there is a systematic variation in petrography and geochemistry in the
western belt, with an increasingly distinct SSZ signature towards the south.
The Bilisht ophiolite body which has weathered to form the Bitincke laterite is composed
of six separate outcrops. Although no studies of the Bilisht ophiolite fragment have been
published, the Morova ophiolite, located 10 km to the west has been studied in some
detail by Koller et al. [2006]. The Morova ophiolite sequence starts with lherzolites
interlayered with minor harburgites and rare dunites. A thin layer of amphibolites and
metasediments separates a lower thrust unit comprised only of mantle tectonites from
an upper unit consisting of a more continuous sequence of tectonites, cumulates, gabbros
and volcanics. The ultramac cumulates commonly include plagioclase wherlites and
lherzolites followed by cumulate gabbros and troctolites. The cumulates and gabbros
from Morova generally exhibit a MORB composition with only a minor SSZ ngerprint,
however other ophiolites within the region e.g. Devolli, exhibit almost exclusively a SSZ
signature [Koller et al., 2006].Chapter 4. The Bitincke nickel laterite deposit, Albania 65
4.2.1 Stratigraphy
The timing and geographical extent of sediment deposition will aect when and where
ophiolitic ultramac rocks are exposed to weathering and potential lateritization. The
Kalur cherts are found above both the western and eastern ophiolites and range in
age from mid-Bathonian to late Callovian [Gardin et al., 1996]. The cherts are un-
conformably overlain by the Simoni Melange which is a typical `blocks in matrix' type
deposit consisting mainly of blocks of various lithologies (e.g. sandstone and ophiolite
derived macs) within a shaley matrix. The formation is thought to be Tithonian in
age [Gardin et al., 1996]. The Simoni Melange is overlain by the Firza Flysch, which
consists of turbidite and debris ow deposits and has been dated using biostratigraphy
as uppermost Tithonian to late Valanginian [Gardin et al., 1996]. The Simoni Melange
and Firza Fylsh generally occur at the top of the ophiolites, they are folded and cut
by low angle thrust faults, which formed in the Hauterivian [Carosi et al., 1996]. The
rst sedimentary deposit after the ophiolite emplacement consists of Berremian marls
and conglomerate grading upward into Aptian - Albian shallow-water limestones. The
Berremian marls and overlying limestones represent a transgressive sequence which lo-
cally overlies oxide laterites [Robertson and Shallo, 2000] indicating that the earliest
laterite formation took place during the late Hauterivian and early Barremian. Peza
[1998] dated the limestones overlying the Cervenaka and Guri Kuq nickel laterite de-
posits to the Late Cretaceous, with Santonian to lower Campanian aged limestones
overlying the Guri Pishkashit deposit. These dates show laterite formation continued
into the Late Cretaceous where ophiolite basement was exposed. Reworking and deposi-
tion of laterite derived sediments is common and found within the Cretaceous limestone
sequence above Cervenaka and Guri Kuq. The Cretaceous limestones are overlain by
Eocene Terriginous turbidites (permolasse).
The Albano-Thessalian Trough (ATT) is the largest of the late orogenic `mollase-type'
basins of the Hellinides [Vamvaka et al., 2006]. The ATT evolved as a piggyback basin in
the Tertiary during the latest stage of the Alpine orogeny [Ferriere et al., 2004; Vamvaka
et al., 2006]. The basin strikes NNW and is over 130 km long and a maximum of 40 km
wide, the greater proportion of the basin is found within the Greece where it is known
as the Mesohellinc trough, only the northern part of the basin extends into Albania.
The basin is located near the suture between the continental margin of Apulia and
the Pelagonian microcontinent. The ATT has been inlled by marine turbidites and
siliclastic shelf deposits which have a maximum thickness of 5 km [Kontopoulos et al.,
1999]. The underlying basement rocks are composed of limestones and ophiolite. The
ophiolite basement cropping out in southern Albania has been weathered and lateritized
to form the Bilisht laterite prior to the deposition of ATT sediments in the MiddleChapter 4. The Bitincke nickel laterite deposit, Albania 66
Eocene [Molla et al., 1994]. Therefore the formation of the Bitincke laterite could have
occurred between the Early Cretaceous and the Middle Eocene.
4.3 Previous work
Skarpelis [2006] describes weathering proles in Greece that are most commonly com-
posed of goethite and nontronite and proposes that the majority were formed in the Late
Cretaceous. Molla et al. [1994] suggested that there were two stages of laterite forma-
tion within the south east of Albania and north east of Greece and that the weathering
prole at Bitincke was formed in the later stage.
Eliopoulos and Economou-Eliopoulos [2000] have used alteration of resistate chromite
grains within laterites in Greece and Albania to determine the degree of transportation
within weathering proles; they conclude that the Bitincke deposit is predominantly in-
situ. Although studies have used the Bitincke laterite to help determine regional variants
in laterite formation there has been no detailed studies of the genesis and evolution of
this deposit.
4.4 The Bitincke laterite prole
The Bitincke laterite is composed of two distinct zones; a silicate nickel zone and an
iron oxide zone. These zones vary in thickness across the deposit, with the oxide zone
reaching a maximum thickness of 8 m in the Treni prole (Fig. 4.1), although it may
be entirely absent in some regions. The oxide zone remains relatively consistent in its
fabric and mineralogical composition across the deposit. The silicate zone ranges in
thickness from 1 to 5 m and varies in composition and morphology, with uctuating
amounts of garnierite and calcite veining, resulting in varying Ni concentrations. The
boundary between the oxide and silicate zones is sharp and relatively planar, whereas
the boundary between the Ni-bearing silicate zone and saprolite below is poorly dened
and is most readily determined by geochemical techniques.
Protolith: The unweathered protolith to the Bitincke laterite prole is a partially ser-
pentinized peridotite in which original holocrystalline igneous textures are observed and
dunitic pods are preserved. Pyroxene and chromite grains are commonly retained, with
serpentine most obvious when observed as a thin light green coating on fracture surfaces.
Shear zones containing brecciated serpentinite are relatively common in the protolith.
Saprock: (Fig. 4.3) Weathering of the serpentinized peridotite begins up to 30 m below
the oxide - silicate boundary, and in most cases corresponds to a change in the colourChapter 4. The Bitincke nickel laterite deposit, Albania 67
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Figure 4.3: Lithostratigraphic logs of laterite proles from across the Bitincke deposit.
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of the protolith from green to red-purple. Unlike many modern deposits calcite veining
is also found within the saprock, penetrating to a depth coincident with the weathering
front and with the degree of calcite veining increasing with height in the saprock.
Silicate zone: (Fig. 4.3) The actual boundary between the saprock and silicate zone is
dicult to distinguish in the eld, though some proles display a subtle change in colour
to orange-brown coinciding with an increase in Fe concentrations. Spheroidal weathering
is a common feature within the silicate zone, with alteration and weathering along joints
and fractures in the saprolite resulting in intensely weathered material surrounding less
altered serpentinite cores. The cores range in size from 10 cm to 2 m across and show a
progression in the degree of weathering from the centre to the outer rim. The centres of
the cores contain pyroxenes and retain the original green colour of the protolith. Colour
changes through red-purple to orange-brown occur over a distance of 30 cm on the outer
edges of the cores. The less altered serpentinite cores may be present throughout the
silicate zone and in some instances are found within 50 cm of the boundary with the
oxide zone.
Calcite veining is common across the silicate zone, whereas silica and magnesite veins are
rare. Garnierite veins are also uncommon except for restricted areas of the Kapshtica
mine prole where garnierite veining is extensive over a 30 m wide area. In these
areas garnierite and calcite veins form an anastamosing pattern, following the heavily
weathered regions and enclosing the less weathered serpentinite cores. The reported
nickel grade of the silicate zone is on average highest (up to 2 wt %) close to the
silicate-oxide contact.
The contact between the silicate and oxide zones is normally observed as a sharp linear
boundary with minor lateral variation. However, the top of the silicate zone in the
Treni mine, possesses a 10 - 40 cm thick horizon with a horizontal fabric dened by
layers of material displaying oxide zone characteristics. These oxide zones are elongate,
<20 cm long and follow the fabric found in the upper part of the silicate zone. The
beginning of the oxide zone appears gradational in these areas and tongues of iron oxide
can penetrate down as much as 75 cm into the underlying silicate zone, cross cutting
veins and structures. Most calcite and nearly all garnierite veining within the silicate
zone terminates at the boundary with the oxide zone.
Oxide zone. (Fig. 4.3) This zone is on average 2 m thick, however in some regions this
can increase up to 8 m, it is massive and highly fractured, giving the horizon an angular
blocky appearance. Nickel concentrations range from 0.25 to 1.5 wt % and are greatest
close to the oxide - silicate boundary. Manganese oxide coatings are commonly found
on fracture surfaces and chromite grains are common within the zone, although they are
generally smaller than those in the silicate zone below. Powdery, white discontinuousChapter 4. The Bitincke nickel laterite deposit, Albania 69
veinlets composed of silica are also present and in one instance, garnierite veining within
the oxide zone was observed within 10 cm of the contact with the silicate zone.
Transported oxide zone. (Fig. 4.3A) Within a channel at the top of the Treni mine
prole, reworked lateritic material may contain nickel grades up to 0.6 wt %. The
channel ll is composed of banded red and grey-green lateritic material with a maximum
bed thickness of 30 cm. The red beds are composed almost entirely of ne grained clay
though some may contain small well rounded serpentinite clasts. The grey-green beds
are clast supported conglomerates composed predominantly of sub-rounded serpentinite
clasts up to 10 cm in size. The matrix within these conglomerates is composed of red
clay. The percentage of quartz clasts within the conglomerate increases towards the top
of the reworked zone, culminating in a quartz monomict 30 cm from the contact with
the overlying limestone.
The Treni and Kapshtica laterite is overlain by a sequence of mudstone, limestone and
organic carbon rich mudstones (Fig. 4.3A, B). Plant fossils retrieved from this sedimen-
tary sequence are dominated by the Nipah palm and the Sabal palm. The two species
were found separately within dierent beds. Both plants are known to be present within
Middle Eocene aged rocks [Gee, 2001]. The Nipah palm grows well in mangroves and
can be found inland as far as the tide can deposit the palm's oating seeds. The Sa-
bal palm is found in lower latitudes has deciduous leaves and is indicative of a warm
tropical climate, it is not restricted to a shore environment [Gee, 2001]. The organic
rich mudstone layers found at the top of the laterite prole contain abundant bivalves
and gastropods signifying a marine environment of deposition. The oxide zone located
beneath mudstones or reworked material will commonly be lighter in colour and more
friable in the upper 30 cm of the horizon (Fig. 4.3A). This alteration is rare and is only
apparent where the oxide zone is covered by reworked material or mudstone.
A clast supported dominantly monomictic limestone conglomerate is commonly found
directly above the oxide zone (Fig. 4.3C). The conglomerate clasts comprise micritic
limestone and are well rounded with an average width of 5 cm. The conglomerate
sequence contains interbeds of medium grained sandstone up to 1 m thick, these form
<5 % of the conglomerate sequence. Rare ne grained sands and mudstones are also
evident.
4.5 Prole structure
The Bitincke laterite dips on average 20 o to the east and is divided by normal faults
into a number of separate blocks. The thickness of the prole varies across the deposit,Chapter 4. The Bitincke nickel laterite deposit, Albania 70
from 20 - 2 m. The paleotopography of the region plays an important role in deter-
mining the thickness of the laterite deposits. Most importantly the relative elevation
of the serpentinite as well as joints and fractures appear to have controlled the type
and thickness of laterite formed and preserved. Extensional faulting has occurred both
during and after lateritization, aecting the formation and preservation of the Bitincke
laterite. Two major fault systems are recognized from the studied proles, both with
a normal sense of movement. The rst is found striking N - S and dips east or west
at 45 - 80 o with minor displacement (10 - 100 cm). These faults cut the laterite, but
normally dissipate within the prole or the sedimentary cover a few metres above the
laterite suggesting these faults were active during and shortly after laterite formation.
A second set of faults display a much larger displacement, on the scale of 10s to 100s
of metres, strike N - S and dip east or west at 60 - 70 o. These faults cut through
the entire stratigraphic sequence and juxtapose the serpentinite against conglomerates.
The interaction between faulting, lateritization and variations in prole morphology is
discussed in detail below.
4.6 Treni prole
The presence and displacement of normal faults clearly plays an important role in the
development of the Treni prole. Figure 4.4 demonstrates the interaction between fault-
ing and laterite development. Fault 1 shows normal movement, with the down-thrown
side to the north. The fault cuts through the serpentinite and displaces the boundary
with the oxide zone by 1 m, however, it does not displace the oxide-reworked laterite
boundary. Fault 2 displaces the banded reworked laterite-oxide laterite boundary by a
total of 1.5 m to the north and then dissipates within the limestones above. These
faults resulted in a topographic low within which a greater depth of reworked laterite was
deposited. The nal stage of faulting (faults 3 and 4, Fig. 4.4) cuts across all lithologies,
with the two largest faults within the prole forming a small graben structure within
the centre of the prole.
The reworked material above the Treni prole displays a distinct channel morphology
(Fig. 4.4) with an increase in thickness of reworked material and overlying limestone
towards the centre of the structure. The oxide zone is thickest beneath the centre of the
channel, which appears to be partly controlled by faulting (Fig. 4.4).
Areas where there is a less extensive fracture network and less altered serpentinite, form
relative highs within the prole. Over a distance of 25 m the thickness of the oxide zone
varies from 8 m in the centre of the exposure to less than 1 m on the southern edge of
the laterite (Fig. 4.4). This variation in thickness coincides with an increase in relativeChapter 4. The Bitincke nickel laterite deposit, Albania 71
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elevation of the serpentinite. There is no evidence for folding in the overlying sediments
and faulting has not been sucient to cause this variation, therefore the increase in
elevation is related to paleotopography. The change in paleotopography may have led to
a decrease in the thickness of the oxide zone due to either, a decrease in the rate of in-situ
laterite formation on topographic highs or an increased rate of erosion above serpentinite
highs and preservation of laterite by sediment deposition in paleotopographic lows.
4.7 Kapshtica prole
The laterite in the Kapshtica prole is close to horizontal in the east of the exposure
but dips up to 45 o to the east in the west. The thickest oxide zone (4 m), is located
in the horizontal portion of the prole, and thins to the west as the dip of the laterite
becomes progressively steeper. The largest faults in this exposure have a normal sense
of movement and a throw of more than 50 m. There are a number of smaller faults
within the prole that do not extend more than two metres into the sediment cover
suggesting that they have formed prior to, or syn-sediment deposition (Fig. 4.5). Clays
and marls overlying the horizontal portion of the laterite pinch out to the east as the
elevation of the laterite increases (Fig. 4.5). There is a gradational contact between the
brown clays and the oxide zone, suggesting alteration of the previously formed laterite.
The overlying sequence of limestones on-lap onto the laterite suggesting that the dip
observed on the laterite prole was present before the deposition of the limestones (Fig.
4.5). The thinning of the laterite as it becomes progressively steeper may be a result of
erosion on paleotopographic highs, preservation by sediment deposition and variations
in in-situ formation.
4.8 Micromorphological analysis
4.8.1 The Kapshtica prole
The protolith is predominantly serpentine which is commonly observed to have a char-
acteristic mesh-like structure. The saprolite in the Kapshtica prole preserves original
holocrystalline igneous textures with relict olivines and pyroxenes (Fig. 4.6A). Olivine is
altered to serpentine along fractures and is found as coatings along grain edges. Pyrox-
enes are altered to montmorillonite which becomes a common component of the silicate
zone. Calcite veining cuts across the saprolite and individual olivine crystals (Fig. 4.6B).
Olivines and pyroxenes become increasingly weathered to iron oxides with height in theChapter 4. The Bitincke nickel laterite deposit, Albania 73
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silicate zone and also towards the edges of the less altered serpentinite cores. As weath-
ering progresses the primary minerals are gradually destroyed, olivine is altered initially
along fractures and on the crystal edges to iron oxides (Fig. 4.6A, B). The proportion
of iron oxides increases in the upper portions of the horizon and calcite veining is com-
mon. Voids are commonly present where primary minerals have been destroyed and only
partly replaced by iron oxide (Fig. 4.6C). Voids are particularly common in the upper
portion of the silicate zone. The boundary between the silicate and oxide zone is sharp,
occurring over a distance of less than 5 cm in most proles. The base of the oxide zone
is composed of layered ne grained limonite and microcrystalline quartz. No original
igneous textures are present. The limonite and microcrystalline quartz are commonly
found draped around relict chromites (Fig. 4.6D). Calcite veins are less common within
the oxide zone, suggesting that either the calcite veins were destroyed during the forma-
tion of the oxide zone or there is not an extensive fracture network in the oxide horizon.
Layering is only present within 1 m of the base of the oxide zone, the rest of the oxide
horizon is massive, with little mineralogical or textural change across large portions of
the horizon. Relict chromites are common and rare calcite veins are present within the
upper portions of the prole (Fig. 4.6E).
4.8.2 The silicate-oxide boundary
The silicate-oxide boundary is commonly sharp and planar, occurring over a distance of
less than 5 cm. However, this boundary may be extended over a distance of 50 cm (Fig.
4.7). Element maps show that Fe, Mg and Si are all found in signicant proportions
within the silicate - oxide boundary zone. The Fe is contained within goethite which
forms as Si and Mg are leached from the prole. The Fe-oxide zones are on average 65
wt % Fe2O3, 10 wt % SiO2, 7 wt % MgO and 1.5 wt % Ni. Silicate areas of the element
map are composed of, 60 wt % SiO2, 30 wt % MgO and 1.0 wt % NiO. The silica
rich regions are dominated by minerals of the lizardite - nepouite series that formed
in the silicate zone and have yet to be destroyed by the weathering process. There is
a complex textural interaction between the silicate and oxide components within the
prole at the transition zone. The silicate-oxide boundary in the Kapshtica prole
possesses a banded fabric which can be observed on the centimetre scale in the eld as
well as in the photomicrographs and on the sub-millimetre scale on the element maps
(Fig. 4.7). The bands are composed of alternating oxide and silicate layers which
are commonly found draped around relict spinel grains. These layers appear to form
as the silicate minerals are progressively altered along microfractures, leaving behind
the more immobile elements and iron oxides. Rare microcrystalline quartz veins follow
the orientation of the banding, indicating that not all the silica was leached from theChapter 4. The Bitincke nickel laterite deposit, Albania 75
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Figure 4.6: Photomicrographs (XPL) of silicate and oxide zone, the position of the
sampling from the Kapshtica prole is also shown. A. Original igneous textures pre-
served at the base of the silicate zone, Olivines (Ol) are preserved but are altered to
iron oxides (FeO) along fractures and grain boundaries. B. Olivine is destroyed in the
weathering process. Calcite (Cal) cuts across both iron oxides and primary silicates. C.
The dissolution of olivine creates voids towards the top of the silicate zone. Microcrys-
talline quartz is also present. D. No original igneous textures remain, the oxide zone is
layered and contains bands of microcrystalline quartz. The bands drape around relict
spinel grains (Csp). E. Banding is no longer present and the oxide zone is relatively
homogenous with relict spinel grains dispersed throughout the sample.Chapter 4. The Bitincke nickel laterite deposit, Albania 76
prole during the destruction of the silicate zone. Nickel concentrations are relatively
homogeneous within the oxide portion of the transition zone whereas the silicate zones
possess isolated areas of elevated Ni concentration (Fig. 4.7). Calcite veins cross cut
both the oxide and silicate portions of the boundary zone. Manganese oxide veins
follow the orientation of the cross cutting calcite veining suggesting that Mn was mobile
until relatively late in the weathering history of the deposit. Chrome spinels possess a
cataclastic texture and are found dispersed across the transition zone.
4.9 Geochemistry
4.9.1 Kapshtica prole
The chemical changes accompanying weathering are presented in Figure 4.8 and 4.9 (data
presented in Appendix A). In the Kapshtica prole the silicate zone is characterized by
elevated SiO2, MgO and CaO values and relatively low Fe2O3, Cr, Al2O3 and Co. Nickel
concentrations reach a maximum of 2.3 wt % within the silicate zone, coinciding with
an increase in SiO2 concentrations to 48 wt % (Fig. 4.8). However increases in SiO2
concentrations do not always coincide with high Ni values as shown in the top of the
silicate zone where SiO2 concentrations are 40 wt% but Ni values remain low (0.25
wt %). This increase in SiO2 values corresponds to increases in MgO and CaO and
decreases in Fe2O3, Cr and MnO. CaO concentrations are relatively high within the
silicate zone varying between 33 and 3 wt % with the highest values linked to calcite
veining. The boundary between the silicate and oxide zones is represented by dramatic
decreases in SiO2 (39 - 7 wt %) and MgO (8 - 1.1 wt %) over a distance of less than
30 cm, this transition is known as the magnesium discontinuity. The decrease in the
concentration of these elements reects the destruction of both secondary and residual
primary silicates, resulting in the loss of the most mobile elements. Calcium oxide also
decreases signicantly across the boundary from 27 to 0.4 wt %. The oxide zone is
characterized by elevated Fe2O3, Cr, MnO and Co concentrations. Manganese oxide
values reach a maximum of 0.8 wt % towards the middle of the oxide zone and the
concentration of Co reaches a maximum of 1700 ppm near the base of the zone. The
highest Ni values occur close to the contact with the silicate zone and decrease from a
high of 2.3 wt % Ni to 0.4 wt % Ni at the top of the oxide zone due to the leaching
in the upper portion of the prole. Overall Cr concentrations display a trend to higher
values towards the top of the prole, increasing from 0.2 wt % in the base of the silicate
zone to 2 wt % Cr in the oxide zone. Aluminium oxide exhibits a similar trend with
concentrations of 0.2 wt % at the base of the prole increasing to 13 wt % in the oxide
zone. The variation in Fe2O3 concentrations display a similar pattern to Cr with a trendChapter 4. The Bitincke nickel laterite deposit, Albania 77
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Figure 4.7: Electron microprobe element maps of the boundary between the oxide
and silicate zones. The more intense white indicates a higher element concentration. 1
and 2. Silica and magnesium bearing secondary silicates. 3. Goethite veinlets replacing
silicates. 4. Manganese oxide veins following the same orientation as calcite veins (5).
BSE = Back scattered electron image. LM = light microscope photomicrograph (ppl).
Qtz = quartz, FeO = iron oxide, Sil = silicate, Spl = Chrome spinel.Chapter 4. The Bitincke nickel laterite deposit, Albania 78
to increasing values through the prole, ranging from 7 wt % Fe2O3 in the base to 90
wt % in the oxide zone. Chromium and Fe2O3 are considered to be relatively insoluble
in the weathering environment and the increase in values observed in Kapshtica prole
can be attributed to residual concentration processes.
4.9.2 Treni mine
The Treni mine data records lithogeochemical variation through an unusually thick oxide
zone. The contact with the silicate zone is present at the base of the exposed prole
(Fig. 4.8). The oxide zone is characterized by low SiO2 (11 wt %), MgO (2 wt %)
and CaO (0.4 wt %) values and elevated Fe2O3 (60 wt %) and Al2O3 (<14 wt %)
concentrations. Nickel values are highest at the boundary with the silicate zone and
decrease from 1.6 to 0.3 wt % at the top of the zone. Chromium, MnO and Co display a
similar trend with concentrations decreasing towards the contact with the silicate zone.
Aluminium oxide shows the opposite pattern with concentrations increasing from 4.5 wt
% close to the contact with the silicate zone to 14 wt % at the top of the oxide zone.
The uppermost 50 cm of the prole displays a sharp increase in every element but CaO
and MgO, coinciding with transported material in the uppermost portion of the laterite.
4.9.3 Core An60
The distribution of elements within core An60 displays a similar pattern to the Kapshtica
prole. The silicate zone is dened by elevated values of SiO2, MgO and CaO. The
highest Ni concentrations, 1.1 wt %, are found in the base of the oxide zone. Nickel
values decline from this peak to a minimum of 0.5 wt % in the upper part of the oxide
zone. Chromium, Co and MnO all show a trend to increasing values with height in the
prole, with the greatest concentrations found towards the top of the oxide zone.
Figure 4.9 depicts the concentration of selected elements plotted against that of chromium
(data presented in Appendix A). Chromium was chosen as it is the least mobile of the
analyzed elements [Schellmann, 1989]. This allows the examination of relative element
changes during the various stages of the weathering process. The higher Cr concentra-
tions represent more intensely weathered portions of the prole (Fig. 4.9). Correlation
coecients have been plotted in Table 4.1 with signicance drawn at the p = 0.05 level
i.e. 5 % or less chance that the results could have been obtained if the null hypothesis
was true. The null hypothesis is that two particular elements are not related. Silica
MgO and CaO display maximum concentrations within the secondary silicate zone, as
the weathering process proceeds they are depleted in the oxide zone compared to theChapter 4. The Bitincke nickel laterite deposit, Albania 79
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Figure 4.9: Covariance diagram of Cr versus major and trace elements within the
Bitincke pro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Table 4.1: Correlation matrix for the lateritization of the Bitnicke serpentinite p =
0.05 level for N = 44.
SiO2 Fe2O3 MgO CaO Al2O3 NiO Cr MnO TiO2 Zn Na2O Sr
Fe2O3 -0.73
MgO 0.50 -0.68
CaO -0.76 0.44
Al2O3 0.44 -0.60 -0.64
NiO -0.35 0.56 -0.45
Cr -0.69 0.93 -0.51 -0.73 0.65
MnO -0.61 0.85 -0.51 -0.65 0.64 0.81
TiO2 -0.39 -0.37 0.87 -0.38
Zn -0.52 0.75 -0.55 -0.69 0.43 0.73 0.75 0.74
Na2O -0.36
Sr -0.41 0.31 -0.35 -0.45 -0.39
Zr -0.38 -0.35 0.85 -0.38 0.99
silicate zone. Iron oxide, Co and MnO all show maximum concentrations within the ox-
ide zone and Al2O3 exhibits the same trend although the data for this element are less
clear. Concentrations of up to 14 wt % Al2O3 are unlikely to occur through residual
enrichment processes alone. These elevated concentrations most likely represent illuvi-
ation; the process whereby water moving through the prole deposits and precipitates
material from the overlying sediments [Thiry et al., 2006]
4.9.4 Summary
The highest Ni values within the silicate zone generally coincide with elevated concen-
trations of SiO2 and MgO compared to the serpentinite protolith. The silicate zone is
also dened by relatively high concentrations of CaO. Ni values within the oxide zone are
highest close to the boundary with the silicate zone and decrease towards the top of the
zone. The boundary between the two horizons, dened by lithogeochemical variations is
sharp with the transition occurring over a distance of 30 cm or less. The boundary is
marked by dramatic decreases in SiO2 , MgO, and CaO. The oxide zone is characterised
by relatively high concentrations of Fe2O3, Cr, MnO and Co. The trend to increasing
concentrations with height in the prole displayed by Al2O3, Cr and Co is relatively
unaected by the transition from the oxide to the silicate zone.
4.10 Mass balance modelling and the formation of the Bit-
incke nickel laterite
Mass balance models can be used to assess the hydrogeochemical processes which have
occurred during weathering and laterite formation [Freyssinet and Farah, 2000; Gleeson
et al., 2004]. By using mass balance models that link chemical composition, bulk density,
mineral density, volumetric properties, porosity and deformation the chemical, physicalChapter 4. The Bitincke nickel laterite deposit, Albania 82
and mechanical changes resulting from the lateritization process may be characterized
[Brimhall and Dietrich, 1987]. This section details a mass balance model and presents
results from Treni and Kapshtica proles of the Bitincke deposit.
The behaviour of elements in a weathering prole can be subdivided into three categories.
Residual elements are not transported during the weathering process and are referred
to as immobile. Supergene elements are transported from a depleted source zone to
an enriched precipitation zone, mobile elements are leached from the prole without
secondary precipitation. In order to assign an element to any of the three categories
the mass of the element within in a ow path through the weathering prole should be
established.
The removal of locally mobile and completely mobile elements leads to the residual
enrichment of immobile elements. The mass of an immobile element contained in the
protolith volume before weathering is retained in the rock after weathering. This rela-
tionship is expressed in the following equation:
Bi;ppCi;p = Bi;wwCi;w (4.1)
Where Bi;p is the original protolith thickness of the zone enriched in residual immobile
element (i), p is the bulk density of protolith, Ci;p is the concentration of an immobile
element in the protolith (in wt % or ppm), Bi;w is the thickness of the weathered zone
enriched in i, w is the bulk density of the residually weathered zone, Ci;w is the con-
centration of i in the weathered product. The ow path of descending water is assumed
to be vertical over the exposed weathering column.
Equation 1 can be rewritten in terms of strain by eliminating the height terms. One
dimensional strain is dened as "i;w = (Bi;w - Bi;p)/ Bi;p or change in length divided by
original length so that Bi;w = Bi;p("i;w + 1). Substituting this strain term into equation
(4.1) gives:
pCi;p = ("i;w + 1)wCi;w (4.2)
Re-arrangement of equation (4.2) produces an equation that describes the overall chem-
ical eects of residual enrichment:
Ci;w=Ci;p = 1=("i;w + 1)  (p=w) (4.3)Chapter 4. The Bitincke nickel laterite deposit, Albania 83
Porosity of the laterite is dened as the volume of pore space compared to total rock
volume and calculated using bulk and grain densities:
n = 1   (w=g) (4.4)
Where n is porosity, g is the average mineral grain density and w is the bulk density
of the residually weathered zone
Solving equation (4.4) for w and substituting into equation (4.3), produces an equation
that shows that upgrade factors (Ci;w=Ci;p) vary linearly with the density ratio, providing
a useful closed chemical system mass balance model (4.5).
Ci;w=Ci;p = 1=("i;w + 1)  (p=g)  1=(1   n) (4.5)
The mass balance model dened by [Brimhall and Dietrich, 1987] is for a closed system
and does not take into account lateral movement (e.g. imported groundwater) within
the laterite. Any addition of material from outside sources e.g. illuviation is also not
accounted for by this model. However even with these limitations Brimhall and Diet-
rich [1987] used this mass balance model to assess the residual weathering process that
had formed the Eight Dollar Mountain and Nickel Mountain nickel laterite occurrences.
They concluded that at Eight Dollar Mountain very little supergene enrichment oc-
curred, whereas supergene enrichment at Nickel Mountain was instrumental in forming
an economically important nickel laterite deposit. Gleeson et al. [2004] used the tech-
niques outlined by Brimhall and Dietrich [1987] to show that the Cerro Matoso nickel
laterite deposit, Columbia, underwent a heterogeneous weathering history, the deposit
formed as a result of supergene and residual enrichment processes, with the relative
importance of each, varying, both within a prole and across the deposit.
4.10.1 Results
The bulk and grain densities of Bitincke laterite samples are plotted in Figure 4.10 on
a graph contoured with constant porosity. These data dene a weathering pathway
from the protolith that emphasizes the importance of mineralogical change, i.e. the
destruction of primary minerals and the growth of new minerals.
Weathering of the primary minerals (olivine and pyroxene) results in a decrease in both
grain and bulk densities within the silicate zone (Fig. 4.10). Bulk densities decrease asChapter 4. The Bitincke nickel laterite deposit, Albania 84
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Figure 4.10: Variation in bulk density as a function of average grain density of samples
from the Treni and Kapshtica Bitincke laterite proles. Dashed lines denote equal
porosity (n). Typical grain densities of some minerals are also shown. Grey arrows
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voids are formed due to the destruction of primary minerals. Grain densities decrease
as the silicate zone becomes dominated by minerals of the lizardite - nepouite series and
montmorillonite, both of which have lower densities than the primary minerals.
Bulk and grain density in the oxide zone are consistently higher than in the silicate zone
(Fig. 4.11), due to the formation of iron minerals in the form of goethite which has an
average density of 4.28 g/cm3. Bulk density increases as goethite is precipitated, prole
compaction increases and void space is eliminated.
Sample A40 (Fig. 4.10), taken from the Kapshtica prole silicate zone, possesses an
exceptionally high grain density. This sample has an elevated (70 %) Fe2O3 content,
with the majority of the Fe found within goethite leading to an increase in grain density
within this sample. This variation in the silicate zone is caused by the gradational nature
of the oxide-silicate boundary within the Kapshtica prole, with oxide zone components
found within the silicate zone.
The data from the two analyzed proles show variations in the densities of the silicate
zone (Fig. 4.11), with the Kapshtica prole displaying a better developed secondary
silicate zone, represented by samples with lower bulk and grain densities. These lower
densities correspond to higher concentrations of low density silicates and clays. Samples
A18 and A30 from the oxide zone contain 20 and 55 wt % Fe2O3 respectively, whilst
silicate samples from the Kapshtica prole have Fe2O3 concentrations between 7 and 12
wt %, suggesting grain densities are controlled by Fe2O3 content and goethite formation.
Porosity variations through the proles are also shown in Figure 4.11. The highest
porosities (0.30 - 0.35) in both proles are close to the oxide silicate boundary (Fig. 4.11).
This region is subject to the greatest degree of primary mineral destruction, whilst still
retaining primary igneous textures, therefore void space will be at a maximum at this
height within the prole. The lowest porosity values are found within the oxide zone,
where compaction, both due to prole collapse during weathering and the deposition of
sedimentary cover, has resulted in decreased porosity. Some regions within the oxide
zone are less porous than the protolith, suggesting that, although care was taken to
nd the least altered protolith, the samples collected had been aected by weathering
or contain higher proportions of serpentine, resulting in increased porosity within the
protolith.
4.10.2 Enrichment factors
Relative element enrichment within the prole compared to an immobile element can
be calculated using the equation:Chapter 4. The Bitincke nickel laterite deposit, Albania 86
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Figure 4.11: Bulk and grain densities and porosities of the Treni and Kapshtica
laterite pro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Table 4.2: Thorium and vanadium concentrations in the Treni prole (LOD = limit
of detection).
Sample V Mo Th U
ppm ppm ppm ppm
LOD 0.0038 0.07 0.0004 0.0038
PO-1 50.7 1.29 0.0014 0.0063
A-15 180 4.06 5.6 1.19
A-18 168 3.72 6.87 1.39
A-24 240 4.81 10.4 2.12
A-25 261 5.66 6.14 1.4
A-27 221 7 3.82 1.21
A-28 207 7.19 4.96 1.14
A-29 220 7.63 0.933 0.984
A-30 284 10.3 0.177 0.617
Enrichmentfactor = (Cj;w=Ci;w)=(Cj;p=Ci;p) (4.6)
Where Cj;w is the concentration of an element within the weathered product, Ci;w is the
concentration of an immobile element within the weathered product, Cj;p is the concen-
tration of an element within the protolith and Ci;p is the concentration of the immobile
element within the protolith. This calculation normalizes the element concentrations to
an immobile element, allowing the relative movement of mobile elements to be assessed.
It has been shown that Zr, V, Ti and Th are amongst the least mobile elements within
the weathering environment [Hill et al., 2000; Kurtz et al., 2000; Nahon and Merino,
1997]. For this study Th concentrations within the laterite prole were analyzed, the
results are presented in Table 4.2
The Th analyses show a dramatic increase (2 orders of magnitude or more) between
concentrations in the protolith (0.0014 ppm) and the laterite (0.177 - 2.12 ppm). This
increase is more than can be accounted for by residual concentrations alone and may
reect illuviation processes or a variation in protolith lithologies. The increase in Th
concentration makes it unsuitable for the calculation of enrichment factors. Vanadium
has been shown to have a very similar mobility to Ti within the weathering environment
[Hill et al., 2000] and therefore this element has been used here to determine enrichment
factors within the Bitincke laterite. Chromium has also been used to calculate enrich-
ment factors during lateritic weathering [Gleeson et al., 2004] and is used in this study
as a comparison to V. Chromium is not immobile in soil systems and has been shown
to be present as chromium VI in soil waters forming over ultramac rocks [Garnier
et al., 2006]. Similarly although V is considered to be more immobile than Cr it is stillChapter 4. The Bitincke nickel laterite deposit, Albania 88
not completely immobile within the weathering environment [Hill et al., 2000]. Even
with proven mobility these elements are still amongst the most most immobile during
lateritization and therefore can be used in the calculation of enrichment factors.
Figure 4.12 presents enrichment factors for elements in the Treni prole, calculated
using V as the immobile element (data presented in Appendix A). Silicon oxide and
MgO show a dramatic decrease with respect to V as these elements are leached from the
prole during the chemical weathering of the protolith. Iron oxide exhibits a maximum
enrichment of 1.6 close to the base of the oxide zone and displays a relative depletion
of 0.8 at the top of this zone. Manganese oxide displays a similar pattern. Aluminium
oxide displays a general increase in enrichment factors from the base of the prole
through to the top of the oxide zone and generally has the highest enrichment factors
within this prole. Calcium oxide is depleted through the entire prole, except for the
uppermost portion of the oxide zone where enrichment factors reach 4.7. Nickel is
enriched in the bottom half of the prole with values of 1.2, but is relatively depleted
with respect to V in the upper portions of the oxide zone (0.5). Chromium displays
a similar pattern to Ni, with a relative depletion of 0.4 at the top of the oxide zone.
Cobalt enrichment is greatest in the base of the prole (up to 2.3), and decreases
towards the top of the laterite.
Figure 4.13 uses the same data as Figure 4.12 but enrichment factors are calculated with
respect to Cr. The pattern of enrichment factor variation is broadly similar to V. The
largest dierences occur in the top of the oxide zone, where enrichment factors are all
generally higher. This is most likely due to the leaching of Cr from the highly weathered
uppermost portion of the prole. This region is physically and geochemically dierent
from the rest of the oxide zone, suggesting alteration just prior to or syn-sediment
deposition.
Enrichment factors using chromium as an immobile element, have been calculated for
the lithogeochemical variations within the Kapshtica prole, these data are presented in
Figure 4.14. The silicate zone is relatively depleted in both SiO2 and MgO compared to
the protolith but the depletion is relatively small at 0.8 and 0.5 respectively. These
elements become progressively more depleted with height through this zone. Both el-
ements are depleted in the oxide zone, SiO2 displays some variation but MgO is con-
sistently strongly depleted throughout this horizon with values of 0.03. Aluminium
oxide is depleted within the silicate zone and enriched in the oxide zone above, reaching
maximum values of 2 in the top of the oxide horizon. Iron oxide is unchanged in the
lower portions of the silicate zone but shows a decrease to 0.3 in the upper potions of
this horizon, before becoming enriched within the oxide zone. Manganese oxide and Co
display a similar pattern to Fe2O3, although Co is only enriched within the silicate zone.Chapter 4. The Bitincke nickel laterite deposit, Albania 89
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Figure 4.13: Enrichment factors calculated for the Treni prole, using Cr as an
immobile element (data tables presented in Appendix A)Chapter 4. The Bitincke nickel laterite deposit, Albania 91
Ni shows maximum enrichment in the middle of the silicate zone with values up to 3.9.
Ni is depleted with respect to Cr in the oxide portion of the prole. Calcium oxide also
reaches maximum values of enrichment, 41, in the middle of the silicate zone and is
depleted, 0.06 the oxide horizon.
Figure 4.15 displays the variation in bulk density of the Bitincke laterite plotted against
Ni upgrade of the weathered horizons relative to the protolith which is dened as:
Upgrade factor = Ni % in the weathered product/ Ni % in the protolith
Strain lines are plotted by re-arranging equation (4.5) which denes a simple closed
system mass balance model for residual enrichment:
"i;w = (Ci;p=Ci;w)  (p=g)  (1=1   n)   1 (4.7)
Where the strain term (") is 0, residual weathering without deformation has occurred.
Negative numbers represent prole collapse or supergene enrichment and positive num-
bers represent prole dilation. The majority of the laterite samples here fall above the
" = 0 line, suggesting that simple residual nickel enrichment without deformation is not
the only process responsible for Ni enrichment within the Bitincke laterite. The samples
from the Kapshtica prole with a positive strain value represent prole dilation.
Figure 4.16 presents nickel upgrade plotted against nickel enrichment which takes into
account one dimensional strain by normalising to the `immobile' chromium. The data
show that for the Treni prole Ni upgrade generally follows the enrichment factor. In
the base of the Kapshtica prole nickel enrichment exceeds the nickel upgrade factor,
showing nickel prole dilation probably due to the addition of calcite veins in this portion
of the prole. Figures 4.15 and 4.16 show that nickel concentrations within the Treni
prole are controlled by residual enrichment associated with prole collapse. Whereas
dilation has occurred in the base of the Kapsthica prole, and prole collapse is the
controlling factor in the upper portions of the laterite.
4.10.3 Summary
Variations in porosity and density within both the Treni and Kapshtica proles reect
the interaction between the growth of new minerals and prole collapse. Grain densities
decrease in the silicate zone compared to the protolith as new minerals, e.g. nepuite -
lizardite, form and the primary minerals are destroyed. Grain densities increase in theChapter 4. The Bitincke nickel laterite deposit, Albania 92
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Figure 4.14: Enrichment factors calculated for the Kapshtica pro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Figure 4.15: Plot of Ni enrichment vs. variation in bulk density through the Treni
and Kapshtica proles. One dimensional strain lines are represented by ". Positive
numbers represent prole dilation and negative, prole collapse (after Brimhall and
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Figure 4.16: Plot of Ni upgrade (concentration of nickel in weathered zone/con-
centration Ni protolith) and Ni enrichment factors (Ni concentrations normalised to
chromium) for both the Treni and Kapshtica proles (data tables presented in Ap-
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oxide zone as high density goethite is formed. In the oxide zone, bulk densities also
increase while porosity decreases due to prole collapse.
Manganese oxide, Fe2O3 and Cr all show maximum enrichments in the base of the oxide
zone in the Treni prole and depletions in the upper portions of this horizon. This
pattern suggests these elements have been leached from the top of the oxide zone, whilst
the relatively immobile V has been retained in chromites and iron oxides. Aluminium
oxide exhibits increasing enrichment through the Treni prole indicating that this ele-
ment is particularly immobile in the environment that formed the Bitincke deposit or
additional Al2O3 has been added to the prole through illuviation processes. Calcium
oxide enrichment factors can be exceptionally high (40) indicating that CaO has been
introduced into the prole from an outside source, possibly the overlying limestones.
The Treni prole has undergone signicant collapse (up to 85 %), evidenced by the
high degree strain within the prole.
The upper portion of the oxide zone of the Kapshtica prole is similar to the Treni pro-
le with depletions in MnO, Co and Ni, indicating that some leaching has occurred. Ni
displays a maximum enrichment in the silicate zone at the base of the prole. Although
Cr is relatively immobile in the weathering environment [Schellmann, 1989] it has been
shown to undergo leaching and movement within laterite proles [Hill et al., 2000]. En-
richment factors calculated using Cr display a broadly similar pattern to V. Dierences
occur in regions of particularly intense weathering, as shown in the uppermost portion
of the Treni prole.
4.11 Discussion
4.11.1 Prole formation
Although the maximum age of laterite formation is dicult to determine, the geological
evolution of the deposit can be established. Weathering of the serpentinized peridotite
began upon exposure to a warm tropical to sub-tropical climate. The regolith formed is
generally less than 25 m thick. On rst exposure, olivine is the rst mineral to undergo
weathering. Its instability at surface conditions leads to its hydrolysis and replacement
by amorphous ferric hydroxides and minor amorphous silicates and phases hosting im-
mobile elements [Golightly, 1981]. The hydrolysis of the olivine results in the leaching of
Mg and some silica. Once most of the olivine has been hydrolyzed the weathering of the
pyroxenes begins resulting in the formation of smectites. The weathering process results
in a reduction in volume and increases in the rate of weathering due to the increased
permeability. Nickel is released from olivine and serpentine and generally remains in theChapter 4. The Bitincke nickel laterite deposit, Albania 96
prole within goethite. A density decrease of over 50 % will result in residual concen-
tration of 0.5 - 0.6 wt % Ni [Freyssinet et al., 2005]. The nal result of this progressive
weathering is the formation of an upper horizon dominated by iron oxides which shows
evidence of prole collapse of up to 85 %. The residual concentration of Ni is on average
1 wt %. Further weathering results in the leaching of some Ni from the goethite, this
may be assisted by a decrease in the pH of uids caused by the thick vegetation cover and
organic soils [Freyssinet et al., 2005]. Leaching of Ni from the oxide zone is shown by the
decrease in Ni concentrations and enrichment factors from the oxide-silicate contact to
the top of the oxide zone. The Ni released is transported deeper into the prole where it
reacts with the weathering products of olivine and other minerals to produce garnierites
of the lizardite - nepuite series and other secondary hydrous silicates which precipitate as
veins within the saprolite. This process forms a zone of supergene enrichment. All these
reactions begin in ssures where argillaceous material surrounds blocks of altered parent
rock. Over time and continued weathering the argillaceous material comes to dominate
and the blocks become smaller and eventually disappear, though serpentinite cores can
still be found high up within the silicate zone where spheriodal weathering dominates.
Calcite veining is widespread in the silicate portion of the laterite prole. Calcite is rare
in modern day laterites but may be a common constituent of paleolaterites [Eliopoulos
and Economou-Eliopoulos, 2000; Thorne et al., 2009]. The source for HCO 
3 bearing
uids may be the overlying and adjacent limestone or calcite veins may have precipitated
at low temperatures directly from seawater before obduction [Milliken et al., 1996].
The weathering reactions result in the formation of a weathering prole composed of
both oxide and silicate components. The series of reactions suggests that the silicate
component of the prole becomes more important over time. The Bitincke laterite
underwent further modication by local drainage and climate conditions.
4.11.2 Prole evolution
Previous investigations of laterite deposits suggest that in areas with an increased frac-
ture density the rates of weathering are higher and consequently the regolith is thicker
[Golightly, 1981]. Faulting can produce a similar eect, especially if associated with ex-
tensive damage zones, enhancing uid ow and subsequently leaching and lateritization.
There is good evidence that extensional faulting occurred during the formation of the
Bitincke laterite, creating small basins and a combination of faulting and varying degrees
of weathering controlled the local topography during the formation of the laterite. A rise
in relative sea level led to the deposition of reworked lateritic material and serpentinite
clasts in channels and the deposition of mudstone in the fault controlled basins. Where
the oxide zone was protected from erosion the major elements were leached from theChapter 4. The Bitincke nickel laterite deposit, Albania 97
upper 30 cm of the horizon creating a clay-rich zone. A sequence of limestones (85 %)
and mudstones (15 %) overlies the reworked material and palm and bivalve fossils found
within this sequence indicate that the sediments represent an interdigitation between
marine and terrestrially sourced sediments. The palm fossils found within the sediments
also suggest the climate was warm and tropical to sub-tropical at the time of deposition.
It appears that the deposition of sediment and not a change in the prevailing climate
resulted in the termination of lateritization at Bitincke.
Today the thickest oxide zones are found within the paleotopographic lows where sed-
iments have protected the deposit from erosion. This process has been emphasized by
the relatively thin oxide zones found beneath conglomerates. The morphology of both
the Kapshtica and Treni mine proles suggest that laterite formed on paleotopographic
highs was subject to erosion prior to the deposition of the overlying conglomerate. A
combination of erosion, and variation in weathering rates, controlled by fracturing, to-
pography and sediment deposition, resulted in the variation in prole thickness observed
across the Bitincke laterite. The nal stage of deformation resulted in large scale nor-
mal faults juxtaposing conglomerate against protolith uplifting portions of the laterite.
Erosion followed leading to the laterite morphology observed today (Fig. 4.17).
Many `complete' laterite proles possess an upper horizon composed of lateritic grav-
els and a ferruginous indurated upper horizon termed a lateritic duricrust, composed
predominantly of secondary iron oxide and oxyhydroxides and often containing nodules
and pisoliths [Anand and Butt, 1988]. There is no evidence for this zone within the
Bitincke weathering prole even in areas where the deposit is covered by mudstone and
erosion would have been at a minimum. Pisoliths are present within other nickel laterites
within the region but these are generally associated with reworking and deposition of
older Cretaceous deposits and are not part of the original lateritization process [Molla
et al., 1994]. The prole is mineralogically and texturally similar to the in-situ portions
of other buried deposits within the region e.g. Kastoria, north Greece [Eliopoulos and
Economou-Eliopoulos, 2000].
4.12 Conclusions
The Bitincke laterite was developed over Late Jurassic serpentinized peridotite between
the Early Cretaceous and Middle Eocene. Initially the oxide zone was formed due to
the leaching of the more mobile elements (Mg and Si) from the primary silicates; olivine
and serpentine. Over time the Ni was leached from the upper portion of the oxide zone,
transported down the prole and combined with the weathering products of the primaryChapter 4. The Bitincke nickel laterite deposit, Albania 98
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Figure 4.17: Evolution of the Bitincke laterite prole a. Formation of laterite pro-
le with a secondary silicate and iron oxide zone. The laterite is developed from an
ophiolitic serpentinite body which was obducted in the Late Jurassic. Prole thick-
ness is reduced on topographic highs b. The prole is thicker where fractures promote
the through-ow of water. Normal faults cut across the laterite forming small fault
controlled basins and a moderate topography. c. Transgressive mudstones and lime-
stones are deposited in the basins, fossils suggest a deltaic environment with alternating
marine and terrestrial conditions. d. Limestone conglomerates are deposited; laterite
on topographic highs is eroded whereas laterite covered by mudstone and limestone is
preserved. e. Normal faults cut across the area dividing the laterite into a number of
separate fault blocks.Chapter 4. The Bitincke nickel laterite deposit, Albania 99
silicates, resulting in the formation of the silicate zone. Garnierite veins were formed in
areas with high fracture densities and relatively high permeability.
A mass balance model and calculation of enrichment factors have been used to assess the
weathering processes that have formed the Bitincke nickel laterite. The Treni prole is
depleted in Fe2O3, MnO and Ni and Co relative to V in the upper portions of the prole
due to leaching of these elements. Overall prole collapse has played an important role
in the formation of the deposit with up to 85 % reduction in volume in some areas.
The laterite possessed a moderate relief formed by normal faulting and was developed
in a warm tropical environment where erosion was oset by high weathering rates. The
thickness of the laterite was controlled by the interaction between paleotopography,
faulting and fracture density. Areas of higher topography were subject to increased
degrees of erosion and laterite forming on these highs was thinner than that in topo-
graphic lows. Mudstone and limestone was deposited above laterite within topographic
lows, protecting it from erosion. Regions with higher protolith fracture densities would
be prone to increased rates of weathering, resulting in thicker proles. Faulting, during
and after laterite formation had a signicant eect on the formation of the deposit. Fault-
ing syn-laterite formation formed basins, protecting the laterite from erosion. Faulting
post laterite formation has split the deposit into a number of fault blocks, sometimes
juxtaposing the underlying serpentinite next to the overlying conglomerate.Chapter 5
Silicication in the weathering
environment
Abstract
Silicication in the terrestrial supergene environment is divided into pedogenic and ground-
water varieties. The C alda^ g nickel laterite is locally silicied with some horizons formed
almost exclusively of silica. Dierent morphotypes are commonly conned to distinct
bands, most dipping at 30 o to the north west. The concentration of silica increases
with height in the prole. Silicication starts in the protolith, with microquartz replacing
iron oxides and proceeds with the replacement of serpentine, preserving the original ser-
pentinite textures. The silicication occurs in the surface environment and is therefore
exposed to physical weathering and transportation. The silica at C alda^ g is disaggregated
and brecciated on the millimeter and meter scale and original serpentine textures are not
preserved in the upper portions of the prole.
The weathering of serpentine, provides the primary source of silica within the C alda^ g
laterite. A change in climate from tropical to a less humid environment may lead to a
reduction in the through-ow of water, consequently resulting in the evapotranspirative
concentration and precipitation of silica. The silica is composed of chalcedony, micro
and megaquartz. Chalcedony growth involves a precursor partially or highly polymer-
ized siliceous solution or gel that becomes progressively depleted in polymeric silica with
increasing chalcedony precipitation. This results in a change from the precipitation of
chalcedony to microquartz as the concentration of silica decreases. C alda^ g shows evidence
of multiple phases of silicication.
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5.1 Introduction
Silicication is widespread in supergene continental environments and has been recog-
nized in studies since the beginning of the twentieth century [Lamplugh, 1907]. Until
the end of the 1980s all silicied material precipitated within continental environments
was described as undierentiated silcrete. More recently, the use of modern geochemical
techniques has led to the identication of two separate silcrete varieties: pedogenic and
groundwater [Thiry and Milnes, 1991]. Baslle-Doelsch et al. [2005] showed that silica
precipitated as quartz cements within either type of silcrete is strongly 30Si-depleted.
Silicication, therefore, is an important process in the global biogeochemical silicon cy-
cle. The most extensively studied silcretes are from Australia, Southern Africa, parts
of Western Europe and parts of North and South America [Thiry, 1999]. Most of these
occurrences were formed during the Tertiary; older deposits are dicult to recognize
because of the eects of burial and diagenesis.
A review of silcretes by Thiry [1999] describes a number of dierent geological settings
within which silicication may occur including: evaporative sequences, sandstone forma-
tions and in association with lacustrine limestones. However, there have been very few
studies that have assessed the silicication process resulting from the direct weathering
of ultramac rocks, which are common at the Earth surface particularly in accretionary
terranes. Silica has also been reported in ophiolites from Oman and Greece within both
relatively unaltered peridotites and in lateritic cover derived from the weathering of
peridotites. Even though this silica is common, there have been no detailed studies of
the process of silicication in these environments. This chapter presents results from a
sample suite taken from the C alda^ g laterite weathering prole in Western Turkey and
provides detailed textural and morphological analysis of the silicication process in this
environment of intense paleoweathering.
5.2 Pedogenic silcretes
Pedogenic silcretes form during the downward movement of meteoric uids within the
regolith. This uid movement results in the formation of dierentiated horizons of sil-
ica within the prole. Illuviation and capping features are common within pedogenic
silcretes. Illuviation structures are formed as water seeps through the soil horizons de-
positing and precipitating material transported from the overlying horizons. Pedogenic
silcretes often display a complex morphology with an upper columnar zone overlying
a granular or nodular horizon. Primary structures in the regolith are obliterated by
the process of silcrete formation. Mineral composition also varies through the silcreteChapter 5. Silicication in the weathering environment 102
prole. Amorphous and poorly crystallised silica phases tend to be present at the base
of the prole, whereas micro-crystalline and euhedral quartz are present higher up. Pe-
dogenic silcrete can be divided into two types of material: rstly, those formed mainly
of microcrystalline quartz, without clay minerals and iron oxides, but enriched in Ti are
hardpans or duricrusts; and secondly those formed mainly of opal which impregnates
the primary materials [Thiry, 1999]
Pedogenic silcrete forms on timescales between 100 kyrs and 1 Myrs and therefore, they
are typically found in areas with prolonged episodes of landscape stability [Ullyot and
Nash, 2006]. Pedogenic silcrete will form at surface temperatures, under alternating wet
and dry conditions that cause the leaching of silica and other cations from the upper
portions of the weathering prole and precipitation at depth.
5.3 Groundwater silcretes
Groundwater silcretes develop at depths between 5 and 100 m and often form as lenses,
preserving the host rock characteristics. Silicication may extend over hundreds of
metres or form irregularly shaped metre to centimetre sized lenses or nodules. The
silcrete is often related to the presence of a contemporary or paleogroundwater table or
drainage channels. Multiple silcrete layers may occur, reecting successive water table
levels, groundwater mixing zones or stages in channel incision. A range of material
may be silicied, but Thiry [1999] suggested that sand, clay and limestone are the most
common. Formation may be rapid, with silcrete lenses forming in 30 kyrs, and often
accompanying landscape dissection [Thiry et al., 1988].
5.4 Formation of silcrete
Formation of silica in the form of opal is associated with the dissolution of clays in
an acidic environment in which aluminium is much more soluble than silica. Major
cations are dissolved and leached and Si is retained as opal-A, Ti is also relatively
stable and is retained. The bleached and weathered regolith found throughout inland
Australia has been taken as evidence for this acidic environment [Thiry and Milnes,
1991]. The acid weathering could have produced stocks of highly soluble silica, which
when dissolved, may have produced concentration of SiO2 up to 120 ppm in ground
waters. Void lling silica was probably precipitated from these solutions. Acid leaching
has also been suggested as a mechanism for groundwater silcrete formation in the South
Downs, UK and occurrences in neighbouring parts of Europe [Ullyot and Nash, 2006].Chapter 5. Silicication in the weathering environment 103
The leaching in the South Downs is thought to have resulted from the oxidation of pyrite
in lignites and clays which overlie the host sands [Ullyot and Nash, 2006]. Silcretes in
weathering proles in Cape Province, South Africa are also thought to have formed
through the acid weathering of kaolinitic clays. Here silica migrated down through the
prole and precipitated in a zone of impeded drainage in the vicinity of the water table.
It has been suggested that a low pH environment is evidence for a high rate of organic
activity with abundant production of humic acids. This would be most likely in a humid
tropical environment [Summereld, 1983].
The silcretes at the top of the prole in the Stuart Creek Opal eld, South Australia, do
not show evidence of an acidic environment. Instead, silica derived from the dissolution
of the constituent minerals was distributed vertically through the regolith by a succession
of leaching and precipitation events. These conditions could be found in a seasonal wet
dry climate or during cyclic climatic periods.
Gilkes et al. [2003] suggest that silcrete lenses within the regolith of south Western
Australia may be formed by the extraction of water by plant roots leaving behind silica
rich groundwaters. This study states that climate change led to the erosion of the
Tertiary laterite in Australia and the onset of increasing aridity in the early Quaternary
to Miocene led to the lowering of the water table and intermittent external drainage. This
led to the formation of groundwater silcrete on or near the valley oors and lenticular
silcrete where vegetation extracted water from the regolith. A study of the Lake Eyre
silcretes, Australia demonstrates that the silicication was related to uctuations in
the water table [Alexandre et al., 2004]. The absence of pedogenic characteristics such
as columnar features, nodules and clay coatings around detrital quartz grains suggest
a groundwater origin. Similarly, a low salt content argues against a hydrothermal,
saline groundwater or evaporite mode of formation. The dominance of micro to crypto-
crystalline quartz and overgrowth quartz in the cement indicates a permeable parent
rock containing waters with a low concentration of Si and soluble salts. High Si and
salt concentrations would have led to the precipitation of opaline silica, which has a
solubility of >60 mg l 1, signicantly higher than micro-crystalline quartz (<20 mg
l 1) and chalcedony (20 - 60 mg l 1) [Alexandre et al., 2004]. There is evidence for a
permanent drainage system in the region suggesting that silcrete formation was related
to uctuations of shallow water tables along with a slow tectonic uplift of the basin
[Alexandre et al., 2004].
The source of silica from which silcretes are precipitated is not always obvious and the
lateral migration of SiO2 bearing uids has been suggested to explain the silcrete in
a number of dierent areas e.g. the Fontainebleau silcrete [Thiry, 1999]. Additionally
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transported up through the prole as the result of capillary action [Alexandre et al.,
2004]. Augustithis [1967] suggested that the leaching of Mg from dunites will leave a
rock that consists essentially of ne-grained quartz, chalcedony, limonite and resistite
chromite grains. This rock type was informally termed birbirite.
5.5 Nomenclature
Microquartz (MiQ) { equigranular with undulatory extinction, < 20m
Megaquartz (MeQ) { equigranular with undulatory extinction, > 20m
Chalcedony, wall lining, length fast (CHW-LF) { chalcedony bres radiate towards the
centre of the geode from many nucleation points on the wall surface, forming parabolic
bre bundles. Rhythmic extinction banding, wrinkle banding or zebra quartz are com-
mon as a result of twisting of the c-axis around the bre axis or screw dislocations is
common.
Chalcedony, spherulititc, length fast (CHH-LF) { horizontal chalcedony consisting of
closely packed radiating spherulites.
5.6 Deposit scale silica morphology
The silica concentration within the laterite prole exposed in the Hematite Pit in C alda^ g
increases upwards over a height of 80 m, from the saprolite at the base to the material
exposed at the surface. Except for in-situ portions at the base of the prole, silicied
regions of the laterite are disaggregated and composed of angular, <10 cm wide, sil-
ica blocks. Although silica is disaggregated, dierent morphotypes are still commonly
conned to distinct bands, most dipping at 30 o to the north west. These bands also
show basin-type morphology and are most easily distinguished by changes in colour from
red-brown to light yellow. The contact between silica bands is often very sharp with
variations occurring over 1 - 2 cm. Continuous indurated silicication is rare and is only
found extending over a maximum area of 1 m2 (Fig. 5.1A). Silica bands are between 30
cm and 6 m thick and can have a lateral extension of over 30 m.
Silicication within the saprolite at the base of the weathering prole is commonly
associated with calcite veins and is only locally present (Fig. 5.2A). Silica is found as
thin reticulate veins and as pervasive background alteration. The degree of silicication
is also heterogeneous within the in-situ limonite at the base of the prole. Indurated
silicied regions, 10 cm across and containing up to 75 % SiO2, are commonly foundChapter 5. Silicication in the weathering environment 105
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Figure 5.1: A. Continuous indurated silicication. B. Iron oxide coating silica blocks
C. Powdery silica and manganese layers D. Brecciated white silica in the upper portions
of the prole. E. Unbroken silica veins in the upper portions of the prole.Chapter 5. Silici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surrounded by goethite veins; these show a gradational boundary with the surrounding
limonite (Fig. 5.2B). There is also background pervasive silicication throughout the
in-situ zone with silica concentrations of up to 25 %. The degree of silicication increases
within the transported region of the limonite zone. Silicied limonite blocks are common
and goethite veins are absent (Fig. 5.2C). There is a relatively sharp contact with FeO
coated white silicied blocks above the limonitic portion of the prole (Fig. 5.2D). The
FeO coating gives the prole a darker colour at this height within the laterite (Fig.
5.1B). This type of silicication contains varying amounts of limonitic material. At
this level silica blocks are generally less than 15 cm across and all are angular and
commonly possess voids. Above the FeO coated silica there are bands of varying silica
morphotypes (Fig. 5.2E), these horizons are dierentiated by changes in colour, block
size and the amount of limonite present. Further up the prole, bands of powdery white
silica containing interlayers of manganese coated silica grains are present. These bands
are up to 1.5 m thick and have a lateral extent of at least 10 m. Manganese coated silica
and white powdery silica may also be layered on a millimetre scale, forming complex
undulating patterns (Fig. 5.1C). Silica within these bands is generally powdery but
grain size does vary from very ne grained up to 4 cm across. White silica dominates
the upper portions of the prole (Fig. 5.2F); this morphotype is brecciated and in
some areas resilicied, showing evidence of multiple silicication events (Fig. 5.1D).
In this zone limonite is rare and FeO is found only as a coating on silica blocks. The
uppermost bench within the pit exposes a layered limonite horizon with a sharp contact
with powdery silica below. In these uppermost horizons, there are thin veins of nodular
silica. These veins run between silica blocks and may extend for up to 2 m before
terminating due to fracturing and movement within the prole (Fig. 5.1E).
5.7 Micromorpholgy
The weathering in a laterite prole progresses downwards through the prole so that the
deepest portions of the laterite are the most recently formed. Textural and mineralogical
changes within the silica samples from C alda^ g suggest that there is a progression in the
silicication process from silicied serpentinite, through silicied limonite preserving
original serpentinite textures, to silica with no limonitic components. This progression
may be interrupted by fracturing, veining and resilicication during the evolution of
the prole; due to movement within the prole, there is not a simple progression with
height.
The saprolite present at the base of the prole is composed of serpentine with a char-
acteristic mesh texture enclosing iron oxides predominantly in the form of goethite.Chapter 5. Silicication in the weathering environment 107
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Silica is locally present within the serpentinite 
as thin reticulate veins and as a pervasive 
background alteration
In-situ silici￿ed nodules surrounded by
goethite veins
Transported silici￿ed limonite blocks
FeO coated cream and white silica
Powdery silica with manganese
Layered limonite with silica blocks
Cross cutting silica veins without
relic chromites
Layered limonite
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Variation in the size of siliceous blocks
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Figure 5.2: Representative stratigraphic log of the silicication within the C alda^ g
nickel laterite deposit.Chapter 5. Silici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Figure 5.3: Evolution of the silicication process in the C alda^ g laterite. A. ser-
pentine with a characteristic mesh texture enclosing iron oxides predominantly in the
form of goethite, with relic chromite (Cr). B. Microquartz (MiQ) replaces iron oxides.
C. Serpentine is replaced by megaquartz (MeQ) and length fast wall lining chalcedony
(CHW-LF). D. Serpentine replaced by FeO. E. Original serpentinite textures preserved
by MiQ and MeQ. F. Destruction of all original textures. G. Fracturing, re-silicication
and formation of silica veins. H. Layered manganese, chromite and MiQ. I. Disaggre-
gated MeQ veins. J. MiQ without relic spinel grains, located exclusively in the top of
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Chrome spinels are found dispersed randomly through the rock (Fig. 5.3A). The rst
evidence of silicication in the prole is found in the saprolite where microquartz has
replaced iron oxides (Fig. 5.3B). Serpentine is preserved and silicication replaces FeO
randomly through the sample. As the degree of silicication progresses, FeO continues
to be replaced by MiQ, possibly due to the potential for ferric iron to be a catalyst for
silica precipitation [Williams and Crerar, 1985], and the surrounding serpentine is re-
placed by MeQ and length fast wall lining chalcedony CHW-LF (Fig. 5.3C). Serpentine
may also be replaced by FeO in the form of goethite. MiQ is still present in this horizon
but is surrounded by FeO, preserving the original serpentine textures (Fig. 5.3D). At
thin section scale serpentine mesh structures may be preserved by both FeO and chal-
cedony. Transformation textures are evident within the silicied serpentinite with MiQ
partially recrystallized to MeQ (Fig. 5.4G). As the concentration of SiO2 increases, FeO
may be completely replaced by silica, leaving MiQ surrounded by MeQ and CHW-LF
(Fig. 5.3F). The original serpentine texture is still evident, preserved by the variation in
quartz types and by limonite granules left within MiQ also. Relic chromite grains sur-
rounded by silica are also common. Silicication may also destroy all original textures
with the formation of MeQ, MiQ and CHW-LF lining the inside of voids (Fig. 5.3E.
5.4E, F). These silica types are commonly found inlling voids with CHW-LF lining the
outer edges and MeQ and MiQ inlling the center.
The near-surface environment, where lateritization and silicication occurs is not stable.
Leaching will lead to a reduction in volume and prole collapse, whilst the upper portions
of the prole undergo transportation and deformation. This movement is reected in the
fractured nature of the silica, not only on the outcrop scale but also in thin section. All
laterite-derived samples collected from the upper portions of the prole show evidence of
fracturing and re-silicication (Fig. 5.3G). Fracture ll silicication is most commonly
CHW-LF with minor amounts of CHH-LF surrounded by goethite (Fig. 5.4A, B). Here
vein chalcedony will often show a banded texture with variations between CHW-LF and
MiQ (Fig. 5.4C, D, H). The dierent generations of silica are in some cases delineated
by limonite granules on the outer edges of crystals (Fig. 5.4D). FeO veins follow the
same orientation as chalcedony veins and in some cases cut across these veins, suggesting
FeO is in some cases mobile along with the SiO2. Further movement may lead to the
fracturing of chalcedony veins and the formation of re-silicied silica blocks.
Towards the top of the laterite prole the concentration of manganese increases. Man-
ganese is present in layers between 0.1 mm and 10 cm thick. These manganese layers
are commonly found within relatively homogeneous MiQ, which will rarely be layered
with variations in size and FeO content; relic chromite grains are also common within
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the relic chromites (Fig. 5.3H). The upper portions of the prole are commonly disag-
gregated and broken (Fig. 5.3I).
The nal type of silica observed within the prole is found cutting through silica bands
in thin veins. This silica type is distinguished by an absence of relic chrome spinel grains.
It is composed exclusively of MiQ and is commonly coated in white powdery silica (Fig.
5.3J). The textures observed suggest that silicication has occurred within a dynamic
environment, where dierent generations of silica have been subjected to deformation
and re-silicication. Each silica texture observed may possess varying amounts of FeO
producing a variety of colours from a common yellow brown through deep red to light
yellow.
5.7.1 Summary
Investigations of silica at C alda^ g suggests that four broad texture types are present
within the silica at C alda^ g. 1. Original serpentinite textures preserved by CHW-LF,
MeQ and limonite granules within MiQ. 2. Layered powdery silica with chromite and
manganese. 3. Fractured, broken and re-silicied silica containing CHW-LF and less
common CHH-LF. 4. Pure MiQ with no chromites. A progression between textures and
silica generations is apparent from relatively minor replacement of FeO with MiQ within
serpentinite at the base of the prole through subsequent replacement of serpentine by
CHW-LF and MeQ or FeO. This may be followed by the formation of relatively thick
veins of CHW-LF and FeO. In the later stages of this process the weathering prole
underwent fracturing and deformation followed by re-silicication leading to a brecciated
texture. Manganese layers are present within MiQ and powdery silica bands. The nal
stage of silicication produced MiQ veins that do not contain relic chromite grains.
5.8 Fourier Transform Infrared spectroscopy
Molecules absorb specic infrared (IR) frequencies which vary depending on their atomic
structure. The frequency of the absorbed radiation coincides with the frequency of the
vibrations of the covalent bonds within the molecule. Molecules exhibit a wide variety
of vibrational motions, characteristic of their component atoms. The exact vibrational
frequencies are determined by the strength of the bonds and the mass of the atoms.
However, infrared spectra do not normally contain separate absorption signals for each
of the 3n-6 vibrational modes of a molecule. It is reduced because some modes are not IR
active (i.e. vibrations that do not produce a change in the dipole moment). Conversely,Chapter 5. Silicication in the weathering environment 111
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Figure 5.4: A. (xpl) B. (ppl) spherulititc, length fast chalcedony(CHH-LF). C (xpl),
D (ppl) banded length fast wall lining chalcedony (CHW-LF) delineated by limonite
grains (LG). E.(xpl) F. (ppl) length fast wall lining chalcedony (CHW-LF) and micro
quartz (MiQ) lling voids. G. Transformation textures; mega quartz (MeQ) replacing
micro quartz (MiQ). H Banded CHW-LF and MiQ veins.Chapter 5. Silici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additional bands are generated by multiples of the fundamental absorption frequencies,
known as overtones [Sherman, 1997].
Passing an infrared beam through the sample and examination of the transmitted light
shows how much energy was absorbed at each wavelength. A transmittance or ab-
sorbance spectrum is then produced showing which IR wavelengths the sample absorbs.
IR absorption positions are generally presented as wavenumbers which dene the number
of waves per unit length.
The directed dipole of the highly polar OH group is an ecient absorber of light in the
infrared spectrum, allowing the study of hydrogen in minerals by infrared spectroscopy.
There are two major categories of hydrogen in silicate minerals; stoichiometric where
hydrogen is essential to the chemical structure of the mineral e.g. gypsum, and trace-
bearing hydrogen minerals, which contain hydrogen that is non-essential to the structure
of the mineral e.g. OH in quartz [Aines and Rossman, 1984].
Quartz contains hydrogen as molecular water clusters, uid inclusions and as part of
charged compensated species (hydrogen defects) e.g. Al-OH or Li-OH. Hydrogen com-
plexes are readily formed at the surface of quartz and other phases of silica by reaction
with H2O. Silanol groups (SiOH) replace siloxanes (Si-O-Si). SiOH groups then provide
sites for the absorption of water [Kronenberg, 1994]. H2O forms hydrogen bonds with
surcial silanols, as individual adsorbed molecules giving rise to OH stretching bonds
at 3660 and 3540 cm 1. With the formation of further hydration clusters of H2O and
increased hydrogen bonding the OH stretching frequencies are reduced until continuous
hydrogen bonded networks of water molecules give rise to a very broad absorption at
3400 extending over 3500 to 2800 cm 1 [Kronenberg, 1994]. Hydrogen-bonded molecu-
lar water appears at the surfaces of quartz, cristobalite, chalcedony and crystalline opals
with spectrographic signatures similar to amorphous silica surfaces with a broad IR ab-
sorption band centred at 3400 cm 1. Kronenberg [1994] identied hydrogen defects
associated with substitutions for Si. Hydrogen interstitials near aluminium or lithium
substitutions provide local charge balance giving rise to prominent absorption bands at
3485 and 3400 cm 1 respectively.
5.9 Results
Transmittance and absorbance spectra of silica samples from the C alda^ g nickel laterites
are plotted in Figures. 5.5 and 5.6, the position of major bands are labelled. All
samples show a broad absorption in the region of 2700 to 3700 cm 1, this band, centred
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O-H stretching vibrations of `liquid like' water [Aines and Rossman, 1984]. The broad
band observed in all spectra at 3400 cm 1 can be attributed to a signicant amount of
water within the samples present as sub-microscopic aggregates of molecular water. The
broad nature of the 3400 cm 1 band is evidence for an extended network of hydrogen
bonds with distributions of O-H..O bond lengths that may exceed that of liquid water
[Kronenberg, 1994].
The samples are quartz, dened by transmission bands at 1180, 1087 and 789 cm 1
(representing bands at 798 and 780 cm 1) [Moenke, 1974]. The quantity of water within
the samples suggests these are dominated by chalcedony and opal.
There are no bands in any of the samples that correlate to O-H vibrations of hydrogen
point defects suggesting that there are no charge compensating elements (Al or Li).
This is most likely related to the temperature at which the silica has precipitated with
aluminium rendered unavailable for valence compensation at low temperatures [Frondel,
1982] but the amount of molecular water within the sample may have obscured these
bands.
5.10 Discussion
5.10.1 Liberation of silica and conditions of precipitation
A signicant amount of silica is present within the C alda^ g deposit, especially within the
Hematite Pit where it is found throughout the laterite, reaching a maximum in the upper
parts of the weathering prole. The precipitation of the silica has eectively replaced the
goethite, diluting nickel concentrations in the top of the prole. The morphology of the
silica within the C alda^ g deposit is similar to the groundwater silcrete rst described by
Thiry and Milnes [1991], with original lithological textures preserved in many samples.
However, the laterite at C alda^ g can be more intensely silicied than typical groundwater
silcrete, with some portions of the prole composed entirely of silica containing relic
chromite grains, manganese and no primary textures. The SiO2 concentrations in C alda^ g
are very high compared to the majority of oxide deposits especially considering that thick
siliceous horizons normally form over a dunite protolith where the lack of Al promotes the
formation of silica instead of clays [Freyssinet et al., 2005]. Siliceous zones are however,
reported in a number of dierent laterites around the world, including Tagaung Taung,
Burma [Schellmann, 1989], Mt. Keith, Western Australia [Butt and Nickel, 1981] and
Vermelho, Brazil. The 25 % increase in silica content within the uppermost horizon at
Tagaung Taung has been attributed to the addition of material from other rock types
(e.g. granites) in the area. The increase in silica corresponds to a change in lithologyChapter 5. Silicication in the weathering environment 114
Al28 
Al10 
Al24 
Al18 
Wavenumbers (cm-1)
0 1000 2000 3000 4000 5000
Transmittance spectra
Centred on 3400
789
701
915
1087
1180
1620
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observed at the top of the prole and coincides with the addition of TiO2 and Zn which
are not found within the protolith [Schellmann, 1989]. As no change in lithology is
observed in the Hematite Pit and TiO2 Zn concentration remain low though the entire
prole it seems unlikely that the silica has been transported into the region, especially
as it can compose 80 % of the prole in some areas.
The process of silicication requires a silica source and a specic set of environmental
conditions for precipitation. The weathering of serpentinized ultramac rocks will result
in the formation of silicic acid, formed during the destruction of serpentine, providing
the primary source of silica within the C alda^ g laterite. This process takes place by the
progressive replacement of Mg by hydrogen ions:
Mg3Si2O5(OH)4 + 2H+ = Mg2H2Si2O5(OH)4 (serpentine) + Mg2+
Mg2H2Si2O5(OH)4 + 4H+ = 2H4SiO4 (silicic acid) + H2O + 2Mg2+
The development of the siliceous zone at the Mt. Keith deposit has been attributed
to the process of silicic acid formation from the weathering of serpentinite [Butt and
Nickel, 1981]. The precipitation of silica from silicic acid does not necessarily happen
immediately and the fact that silica is found throughout the C alda^ g deposit, including
the serpentinite, suggests that the silica is highly mobile and that precipitation occurred
after a signicant portion of the laterite had formed. The precipitation of silica can
eectively insulate the prole from further weathering and in some instances can com-
pletely halt the weathering process. The process of silicication at Mt. Keith is thought
to correspond to the change in climate from tropical to a less humid environment in the
Middle Miocene [Butt and Nickel, 1981]. This led to a reduction in the through-ow
of water, consequently resulting in the evapotranspirative concentration and precipita-
tion of silica. This mainly occurs in topographic lows where silica-rich uids become
concentrated and the water table is high. The formation of the silica horizon provides
an indurated cap that protects the underlying laterite from erosion. The variation in
climate to a more arid environment is also thought to be responsible for the precipita-
tion of silica in southwestern Australia [Gilkes et al., 2003]. Thiry and Milnes [1991]
suggest that a succession of leaching and precipitation events found in a seasonal wet
dry climate or during cyclic climatic periods may be responsible for silcretes at the top
of the prole in the Stuart Creek Opal eld, South Australia. They suggest solutions
containing 6 ppm SiO2 would need a concentration factor of 3 - 5 to precipitate silica,
a concentration process that could be caused by evaporation.
The C alda^ g deposit may have been modied by a changing climate in a similar manner
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has a temperate climate with an average of 645 mm of rainfall per year. This is signi-
cantly less than the 900 to 1800 mm of rainfall normally experienced in areas of laterite
formation [Freyssinet et al., 2005]. Temperatures are also on average signicantly lower
today. From the Eocene until present the 18O signature of benthic foraminifera records
a decrease in the temperature of the deep oceans of 6 oC [Zachos et al., 2008]. The
study of micro and mega-oral changes through Europe indicates that changes in Euro-
pean continental temperatures coincide with the decrease in temperatures observed in
the marine record [Mosbrugger et al., 2005]. Further to this, the micro and mega-oral
temperature record suggests that there has been an increase in seasonality in the yearly
average temperatures with increasingly cold winters over the last 45 Myrs. At C alda^ g
this change in climate may have resulted in less water through-ow and more variability
in the height of the water table, promoting the concentration and precipitation of silica
[Butt and Nickel, 1981; Golightly, 1981]. Subsequently, the protection the silica oers,
combined with faulting, has protected the Hematite Pit laterite from erosion.
Where silicication is not as extensive or absent there is often a marked hematite zone
at the top of the prole. Hematite is thought to form during seasonal saturation and
dehydration [Freyssinet et al., 2005] as a replacement product of goethite. The change
in climate associated with the precipitation of silica may also result in the formation
of ne grained hematite as seasonal uctuations in the level of the water table increase
when the climate becomes drier and more seasonal.
The sequential superimposed silcrete horizons observed at C alda^ g may represent still-
stands during sequential uplift [Thiry et al., 2006]. The uplift experienced by the C alda^ g
deposit will have resulted in variations in the water table and subsequently result in nu-
merous silicication horizons within the weathering prole.
The deposit has also experienced signicant movement due to prole collapse and phys-
ical erosion; this has occurred at least in part during the silicication process. Many
samples show evidence of multiple or continuous silicication events during movement,
with disaggregated portions of the prole and angular re-silicied siliceous block com-
monly found throughout the laterite.
5.10.2 The process of silicication
The silica samples from the C alda^ g laterite are dominated by CHW-LF and MiQ with
less common MeQ. The length fast chalcedony commonly shows wall lining bres pro-
jecting towards MiQ lined voids. Explanations for chalcedony growth involve a precursor
partially or highly polymerized siliceous solution or gel [Heaney, 1993; Wang and Merino,
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cation in the weathering environment 118
precipitation. Initially the rst silica precipitated would have formed from highly over-
saturated solutions containing other cations and impurities, as precipitation continues
the antecedent solution is diluted and silica precipitates from only slightly oversaturated
waters [Milliken, 1979; Thiry et al., 1988]. The increasing dilution of the mother solution
is promoted by the polymeric condensation itself [Heaney, 1993]:
Si-OH+HO-Si ! Si-O-Si+H2O
As the polymerization proceeds the uid loses Si and gains water. At some criti-
cal concentration of Si polymerization cannot be sustained and the remaining silica
is monomeric. The crystallization of MiQ can then proceed. Therefore the chalcedony-
quartz sequence of crystallization observed in the weathering prole may represent a mat-
uration of the uid. The banded nature of some veins, showing successive chalcedony-
quartz precipitation events suggests an increase in Si concentration due to a new inux
of `fresh' silica bearing uids.
The silicication may initially target FeO within the serpentinite as amorphous silica
nucleation may be catalyzed by ferric iron oxyhydroxides [Rimstidt and Cole, 1983;
Williams and Crerar, 1985]. The fact MiQ is crystallized suggests that the uid did not
contain a high enough concentration of silica to form chalcedony. As silica concentra-
tion increases with the continued destruction of serpentine chalcedony is precipitated at
higher levels within the prole. Chalcedony, MiQ and MeQ are also found intimately
associated in random patterns with textures suggestive of replacement of MiQ and chal-
cedony by MeQ. Replacement textures were interpreted by Hopkins et al. [1999] as
random, patchy low temperature transformation of brous silica to MiQ and anhedral
MeQ. This process does not produce void lining MiQ and MeQ, seen as a result of the
variation in silica saturation of the precursor uid during precipitation. This trans-
formation pathway from MiQ to MeQ is consistent with other geological environments
[Hopkins et al., 1999; Oehler, 1976] and represents a re-ordering of the crystal structure
resulting in the loss of water from the silica.
5.11 Conclusions
The weathering reactions that have resulted in the formation of the C alda^ g nickel laterite
have also resulted in the formation of a signicant amount of silcrete. The silicication
occurred over an extended period as evidenced by resilicied transported silica blocks.
The silcrete is most similar to groundwater silcrete described by Thiry and Milnes [1991].
The silicication probably occurred at the water table due to variations in climatic con-
ditions with an increase in seasonality resulting in cyclical dehydration events leading toChapter 5. Silicication in the weathering environment 119
the supersaturation of uids with respect to silica and the crystallization of chalcedony,
MiQ and MeQ.
Textural evidence from C alda^ g suggests that both silica precipitation and transformation
processes were responsible for the observed variations in silica. A gradual decrease in Si
concentrations of the antecedent uid resulted in the initial precipitation of chalcedony
followed by void lining MiQ and MeQ. Random low temperature transformation leads
to the partial alteration of MiQ to MeQ.Chapter 6
The oxygen and hydrogen isotope
composition of lateritic goethite
Abstract
Goethite retains the equilibrium isotopic signature of the precipitating uid and the oxy-
gen and hydrogen composition of goethite has been used to assess terrestrial paleoenvi-
ronmental conditions. The temperature of formation, calculated from the isotopic com-
position of the C alda^ g and Bitincke goethites, using fractionation fractures calculated
from the global meteoric water line, range from 11 - 55 oC and 33 - 55 oC respectively.
The temperatures are generally above the maximum expected for surface conditions, sug-
gesting the goethites formed in equilibrium with a meteoric water line with a greater
deuterium excess than the modern day global meteoric water line. The range of cal-
culated temperatures is most likely the result of the extended weathering period of the
deposits, during which they would have been subject to a variety of hydrological regimes.
6.1 Introduction
The geochemical analysis of geological materials can be used to establish past envi-
ronmental conditions; so called geochemical proxies. The majority of these studies are
focused on materials precipitated from seawater with relatively few focused on terrestrial
systems, e.g. Zachos et al. [2008]. This chapter examines the use of goethite as a proxy
material for the prevailing environmental conditions at the time of the formation of the
C alda^ g and Bitincke nickel laterites.
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6.1.1 Stable isotopes in the hydrological cycle
There are three stable oxygen isotopes; 16O, 17O and 18O, with global abundances of
99.789 %, 0.37 % and 0.204 % respectively, and two stable isotopes of hydrogen; 1H and
2H (D), with global abundances of 99.9852 and 0.0148 respectively. Variations in the
abundance of deuterium (D) and 18O are the result of a number of factors including,
fractionation during isotopic exchange reactions, including chemical or biochemical re-
actions, and variable diusion rates [Dansgaard, 1964]. The most signicant process of
fractionation involves the phase change from liquid to vapour or ice and vice versa.
Isotope fractionations are generally classied as kinetic, related to the rate of a process,
or equilibrium, deriving from an approach to thermodynamic equilibrium and indepen-
dent of reaction rate or reaction mechanism. Equilibrium fractionation occurs due to
dierences in bond energies of isotopes in a compound. Kinetic isotope fractionation
occurs in fast, incomplete or unidirectional processes like evaporation and diusion [Gat,
1996].
Isotopes of an individual element may dier in atomic mass but not in their gross
chemical properties. However, the strength of chemical bonds involving dierent isotopes
of an element varies with the bond involving the lighter isotope, usually weaker and easier
to break. This variation in bond strength results in a fractionation between the isotopic
composition of products and reactants during phase changes. The fractionation factor
() in a system of two phases (A and B) with a common element is dened as the ratio
of the concentrations of the two isotopes in phase A divided by the ratio in phase B:
 =
Al=Ah
Bl=Bh
(6.1)
Where l =light isotope and h = the heavy isotope.
The ocean is the largest global water reservoir and as it is relatively homogeneous it is
used as the reference standard for both oxygen and hydrogen isotope ratios [Gat, 1996].
The  value of a sample is dened as the per mil deviation of the isotope ratio in the
sample from the ratio in a standard, normally the Vienna Standard Mean Ocean Water
(VSMOW) international standard:
18OorD =

Rsample   Rstd
Rstd

 1000 (6.2)Chapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 122
where R is the atom ratio D/H or 18O/16O respectively. Positive values therefore equate
to an enrichment of the heavy isotope relative to the standard (VSMOW).
6.1.2 Isotopic variation in the hydrological cycle
Water has a crucial role in atmospheric chemistry and climate. The hydrological cy-
cle describes the movement of water between dierent reservoirs and encompasses the
changes in state that occur during evaporation, sublimation and condensation. The ma-
rine part of the cycle, which includes the evaporation from the ocean surface and return
by precipitation accounts for close to 90 % of the annual ux [Gat, 1996]. The remaining
10 % represents the continental part of the cycle, within which water is recycled several
times by evapo-transpirative processes before returning to the oceans. Dierent water
masses possess variable isotopic compositions.
As marine air moves over land it appears to mix and homogenise, this results in precip-
itation that is closely aligned to specic 18O:D mixing relationships termed meteoric
water lines [Gat, 1996]. These lines are dened in  - space by the formula D = 8
18O+d, where d is dened as the deuterium excess (d= D - 8 18O) [Dansgaard, 1964].
The deuterium excess is present because, in addition to the phase changes under equi-
librium conditions, a kinetic eect results from a dierent diusivity for the isotopically
dierent water molecules in air. Specically the higher diusivity for 2H1H16O relative
to 1H1H18O results in an additional isotopic separation and therefore a deuterium ex-
cess. Humidity relative to saturation at sea surface temperature and wind speed are the
major controlling factors of d [Dansgaard, 1964].
Dansgaard [1964] documented four factors that aect the isotopic signature of precip-
itation: distance from the coast; latitude; volume; and altitude. The rst continental
precipitation will have a similar isotopic composition to seawater, as the distance from
the source increases, and consequently rain-out increases, the isotopic values of precip-
itation will become more depleted. This process is known as Rayleigh distillation, the
heavier molecules condense rst resulting in precipitation enriched in 16O relative to 18O.
The remaining water vapour becomes increasingly depleted as it undergoes successive
condensation events and the subsequent precipitation reects this depletion (Fig. 6.1).
The following equation describes the Rayleigh distillation process:
Rv = R0
vf 1 (6.3)Chapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 123
Where Rv is the isotope ratio of O or H in the water vapour remaining in an air mass
from which the condensate is forming, R0
v is the isotope ratio of O or H in water vapour
before any condensate has formed,  is the isotope fractionation factor and f is the
fraction of water vapour remaining in the air mass.
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Figure 6.1: The change in the 18O content of rainfall according to a Rayleigh distil-
lation model (after Gat [1996]).
Rayleigh distillation results in precipitation with a signicantly lighter isotopic com-
position at higher latitudes and on in-land regions relative to the evaporative source
region. This model portrays the global water cycle in simplied terms: evaporation
at warm temperatures in the tropics and subtropics, vapour transport to high latitudes
and subsequent condensation [Homann and Heimann, 1997] (Fig. 6.1). Although there
are many factors aecting the 18O values, due to the Rayleigh distillation process the
mean annual precipitation at a large number of globally distributed stations is related
to mean average temperatures, with warm temperatures corresponding to higher (less
negative) 18O values [Dansgaard, 1964; Rozanski et al., 1993].
This relationship between rain-out and temperature is only observed between - 40 and
15 oC, above this temperature range the amount eect dominates. This approximately
results in 1.5 h depletion in 18O of precipitation for every 100 mm increase in rainfallChapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 124
and is particularly prevalent in convectively active regions. As water vapour moves
over mountains adiabatic expansion causes cooling and condensation of water forming
so-called orographic precipitation, this produces large isotopic gradients [Quade et al.,
2007].
6.1.3 Stable isotopes in groundwater
As water seeps into soil through void spaces the eld capacity i.e. the amount of water
that can be held within the soil, is lled. A piston ow pattern is established within
very homogeneous soils, where the inltrate of each wet season pushes the previous one
ahead. This pattern becomes more complicated within heterogeneous soil horizons [Gat
and Tzur, 1967]. The isotopic signature of the water is not aected by interactions with
the soil; however, variations will occur during periods of prolonged evaporation. During
dry periods evaporation will produce enrichment in the heavy isotope in the residual
near-surface waters, resulting in the formation of an evaporation front. This leads to
the formation of an isotope concentration prole [Gat and Tzur, 1967]. This prole
represents a balance between an upward convective ux and a downward diusion of
an evaporation signature. These surface processes usually cause shifts in the isotope
composition of less than 1 h in 18O [Gat and Tzur, 1967], therefore groundwater
charged directly from inltration will possess an isotopic signature that is very close to
that of the incident precipitation. Minerals precipitated in soil can provide a good tracer
for changes in isotopes as temperature converges with mean air temperature at depth.
Isotopic exchange between the host rock and the groundwater generally does not take
place at temperatures of less than 80 oC [Yapp, 2001].
The documented changes of the isotopic signature in the hydrologic cycle combined with
the essentially conservative behaviour of the O and H isotopes in the soil subsurface
mean that minerals formed in this environment could be used as a tracer for climatic
change. For the isotopic record to be used reliably the isotope composition of the
proxy material must be related to the water cycle and fractionation factors must be
understood. Goethite (FeOOH), formed in the weathering environment and subject to
surface conditions, has the potential to be a proxy material for climate change.
6.1.4 Goethite and isotopes
Goethite (FeOOH)and hematite (Fe2O3) are the two most commonly occurring iron
(III) oxides. These oxides are geographically widespread and form in low temperature
environments. This suggests that they have the potential to preserve evidence of the pa-
leoenvironmental conditions in which they formed. For this potential to be realized theyChapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 125
must contain one or more compositional variables that vary with the thermal state or
uid composition. There a number of studies which used hydrogen and oxygen isotopic
variations within goethite to dene paleoclimatic conditions [Bao et al., 2000; Girard
et al., 2000, 1997; Hren et al., 2006; Sjostrom et al., 2004; Yapp, 1998, 2001]. To suc-
cessfully use goethite to determine paleoenvironmental conditions the process whereby
goethite is precipitated and retains isotopic signatures must be understood.
6.1.5 Goethite precipitation, isotope acquisition and preservation
A schematic view of goethite and hematite formation is presented in Figure 6.2. Ini-
tially Fe2+ is oxidised to Fe3+, which is then subsequently hydrolysed to a variety of
aqueous FeIII hydroxyl complexes. The complexes combine to form polymers which
increase in size until they are precipitated as poorly ordered ferrihydrite; a metastable
phase. Goethite forms from the dissolution of ferrhydrite followed by re-organisation and
precipitation. Hematite appears to form via internal re-organisation and dehydration
[Yapp, 2001]. In laboratory conditions ferrihydrite conversion to goethite occurs rapidly
(days) at high pH (12), whereas conversion is slower (month to years) at low pH (2
- 3) [Yapp, 2007].
Fe2+ + electron acceptor + H2O
Fe +6H2O, Fe(OH)-
4, etc.
Ferrihydrite
(Fe5HO8 . 4H2O)?
Hematite
(Fe2O3)
Goethite
(FeOOH)
Polymerisation,
precipitation
dissolution,
reprecipitation
internal
reorganisation,
dehydration
Figure 6.2: Scheme for iron oxide (III) precipitation (After Yapp [2001]).
To ensure a robust interpretation of paleoclimatic conditions from the isotopic compo-
sition of goethite there must be no isotopic exchange between, water and stoichiometric
hydrogen on geological timescales. Yapp and Poths [1995] showed that there is no hy-
drogen exchange with water at 22 oC on laboratory timescales. It has also been shown
that goethite will retain the initial D composition over million year timescales [Girard
et al., 2000; Yapp, 1987; Yapp and Poths, 1985; Yapp, 2000]. There is no evidence for theChapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 126
isotopic exchange of structural O in ambient water [Yapp, 1990]. As isotopic exchange
does not appear to take place, the solubility of goethite determines whether isotopic val-
ues indicative of ancient environments are preserved. Yapp [2001] calculated the curves
of concentration of total dissolved iron in equilibrium with goethite as a function of pH
at 25 oC from data reported by Langmuir [1971]and Lindsay [1998] (Fig. 6.3). The
calculated curves show that over a range of pH values, the solubility of goethite is very
low in oxidising conditions. Goethite is ve orders of magnitude less soluble than calcite
in this environment. Goethite solubility only approaches that of calcite at low oxidation
potentials and only when it is very ne grained. Therefore the calculated solubility of
goethite suggests that it is unlikely to be dissolved and re-precipitated as long as the en-
vironment did not oscillate between oxidizing and strongly reducing conditions. Finally
studies by both Girard et al. [2000] and Yapp [1998] concluded that goethite retained
its original 18O values on million year timescales.
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Figure 6.3: Aqueous solubility of pure goethite and calcite as a function of pH (After
Yapp [2001]).
6.1.6 Determining the fractionation factor
Yapp [2000] measured D and 18O for a variety of natural continental goethites from
around the world, these data dene an array that is approximately parallel to the global
meteoric water line (GMWL) [Craig, 1961]; suggesting goethites formed in the presenceChapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 127
of waters, on or near, the GMWL. The parallelism between the goethite samples and the
GMWL suggest that there may be a systematic mineral-water equilibrium fractionation
during the crystallisation of goethites. An understanding of these fractionation factors
() is a crucial to the interpretations of 18O and D data in terms of its environmental
importance. Goethite water fractionation factors are dened as follows:
D =
(D=H)goethite
(D=H)water
(6.4)
18 =
(18O=18O)goethite
(18O=18O)water
(6.5)
The D has been determined by Yapp [1987] and Yapp and Poths [1985]. Synthesis and
isotopic exchange experiments showed that the D value is 0.905  0.004, this value does
not vary between 25 and 145 oC (i.e. it is not T dependent). No other experimental
values have been published to date but this fractionation factor was successfully utilized
in a number of studies to assess changes in past climatic conditions e.g. Girard et al.
[2000]; Sjostrom et al. [2004]; Yapp [1987, 1998, 2008].
A 18 value for goethite-water has been reported by a number of dierent authors [Bao
et al., 2000; Muller, 1995; Yapp, 1987; Zheng, 1998]. The experimental conditions used
during the precipitation of goethite in these studies vary in terms of pH, temperature,
cation and anion composition etc, and as would be expected, dierent values for 18
were determined in each study. However, studies undertaken by Bird et al. [1992];
Girard et al. [2000]; Poage et al. [2000]; Sjostrom et al. [2004]; Yapp [2001] using the
18 determined by Yapp [1987] have all reported temperatures that correspond to the
climatic conditions in which the goethite was originally formed. The 18 dened by
Yapp [1987] is expressed as:
1000ln18 =
1:63  106
T2   12:3 (6.6)
In studies where the fractionation factor diers from that of Yapp [1987] e.g. [Bao
et al., 2000; Muller, 1995; Zheng, 1998], the variations in the results can, for the most
part, be explained by variations in pH during goethite precipitation [Yapp, 2007]. The
modelled eect of pH on the equilibrium fractionation factor predicts that it is eectively
constant at constant temperatures between pH values of 1 and 11. At higher pH values
the fractionation factor is inuenced by both temperature and increasing pH (Fig. 6.4).Chapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 128
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Figure 6.4: Curves of 1000 lnG w vs. pH for 46 oC using published data and a
model describing oxygen isotope fractionation during growth of goethite in dierent pH
conditions, after Yapp [2007]
Experiments performed by Feng and Yapp [2008] indicate that aluminium substitution
will also aect the goethite-water D/H fractionation factor. These experiments showed
that the D value of structural hydrogen in goethite increases by 1.4 ( 0.4) h for
each 1 mol % increase in Al content. The uncertainties within the study led Feng and
Yapp [2008] to suggest that an increase of 1 mol % Al would be a reasonable estimate
with which to adjust D values of natural goethites to pure goethite end-member values.
Similarly Yapp (1997) showed that Al substitution will also eect the oxygen isotope
composition of goethite with a 1 h increase for every 9 mol % Al.
The fractionation factors for both 18O and D between goethite and water can be com-
bined in an equation rst put forth for clay minerals by Savin and Epstein [1970]. This
expresses the relationship between the 18O and D values of goethite that precipitated
in the presence of global meteoric water line (GMWL) waters:
DG = 8 +
 D
18

18OG + 1000

8
 D
18

  1

  6990D (6.7)
Where DG = D of the goethite, 18OG = 18O of the goethite and D and 18 are
goethite water fractionation factors. The following assumptions are made when using
this equation: 1) Water-rock ratios are large; 2) The waters of interest correspond ex-
actly to the GMWL of Craig [1961]; 3) the equation denes isotherms that are osetChapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 129
from, but parallel to, the GMWL. The degree of this oset is determined by the frac-
tionation factors, which will vary with temperature (only applicable to 18). [Yapp,
2000] does not dene what is meant by large water-rock ratios but suggests that these
conditions may be commonly found in surface and near-surface environments. A com-
parison of the calculated isotherms plotted with natural goethite isotopic compositions
(Fig. 6.5) indicates that the natural goethites plot on a slope approximately parallel to
the isotherms and all fall within 0 - 70 oC, which is the expected range for goethites
forming at the Earth's surface [Yapp, 2000].
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4
-250
-200
-150
-100
-50
Continental Goethites
Yapp (1987, 1990, 1997, 2000)
Girard et al. (2000)
0
70
δ18O (o/oo)
δD (
o /oo)
Figure 6.5: Plot of measured D and 18O values of natural goethite compared to
isotherms calculated from equations (6.6) and (6.7), after Yapp [2001]
6.1.7 Surface domains
The parallelism of goethite values with the meteoric water line was used by Yapp [2000]
to calculate a thermally constrained modern surface domain (MSD) for goethite on a
plot of 18O and D (Fig. 6.6). This was achieved by calculating the goethite 18O
and D values from the measured 18O and D values of International Atomic Energy
Agency (IAEA) waters using the average annual temperatures from various sites and
the fractionation factors detailed above. Natural goethites from a variety of globally
distributed sites were then analyzed and plotted on the MSD, many samples plotted
within the MSD and those that did not plot above ie. on the high temperature side of
the MSD. Yapp [2000] postulated that many of these goethites outside the MSD formed
during a time when global temperatures were higher. Re-calculation of the goethite
18O and D values for this warm earth, by modelling the variation in 18O in an ice free
earth, which is 5 oC warmer than today, produced a warm earth surface domain (WESD)Chapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 130
(Fig. 6.6). The WESD encapsulated a large proportion of measured natural goethites,
suggesting these were formed during a relatively warm period in Earth's history. If
the MSD accurately represents the modern global environment, Yapp [2000] suggested
that a warmer global climate could be inferred from one goethite sample that plots
in the portion of the WESD that does not overlap with the MSD. The concept of
surface domains can be used as an organizing principle for the discussion of calculated
temperatures in terms of climate.
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Figure 6.6: Warm and modern surface domains calculated by Yapp [2000]
6.1.8 Silica precipitation
Goethite commonly forms with intimate admixtures of silica. The co-precipitated silica
will be enriched in 18O compared to the goethite. While the D will remain constant,
18O will be shifted to more positive values in proportion to the amount of silica present
within the goethite. This will lead to the calculation of apparently lower temperatures
when using equation (6.6) and (6.7). The degree of the 18O shift can be corrected using
the following equation [Sjostrom et al., 2004].
18Ogoethite =
18Ogoethite+contaminant   (18Ocontaminant  XContaminant)
Xgoethite
(6.8)
Where X = the atomic fraction of oxygen.Chapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 131
6.1.9 Examples of previous work
A study of laterite proles in French Guiana, showed that variations in 18O and D
within a Ni laterite prole revealed the co-existence of several generations of the same
weathering mineral (goethite being the most robust), which were indistinguishable by
conventional crystallographic, chemical or textural criteria [Girard et al., 2000]. Thus,
modern day deep weathering from today's equatorial environment was distinguished
from ancient and economically productive wet tropical conditions. Sjostrom et al. [2004]
used oxygen isotope data derived from goethites to show that a 3.7 h increase in 18O
in the northern Rocky Mountains, U.S.A., was caused by a regional scale relative increase
in the amount of isotopically heavy summer precipitation. They conclude that the Rocky
Mountains have experienced a spatially heterogeneous Holocene climate history. Yapp
[1998] used 18O data and comparisons with isotopic systematics of modern day global
meteoric waters to show that oolitic goethites formed at low paleolatitudes in the Late
Ordovician and Early Jurassic and these areas experienced more than 1200 mm/yr
during their formation.
6.1.10 Summary
 Groundwater charged directly from inltration will possess an isotopic signature
that is very close to that of the incident precipitation.
 For the weathering mineral isotopic record to be used reliably the isotope compo-
sition of the proxy material must be related to the water cycle and fractionation
factors must be understood.
 The most crucial factor in the analysis of the isotopic data gained from goethite
is the application of a equilibrium fractionation factor ().
 The solubility of goethite is very low in oxidizing conditions resulting in the preser-
vation of its isotopic signature on myr timescales.
 D is not dependent on temperature, whereas 18 values are.
 The % of Al substitution in goethite will aect D and 18O values and the wt %
SiO2 within goethite will inuence 18O values.
6.2 Results
Measured 18O and D values are reported in Table 6.1. The measured 18O and D
values are corrected for the addition of aluminium and absolute errors were calculatedChapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 132
(Appendix A). The 18O composition of the silica gained through the dissolution of
the goethite was unobtainable due to low oxygen yields and very poor reproducibility.
Therefore a value of 30 h was used for the silica within goethite samples. This value was
calculated using the quartz-water fractionation factors of Clayton et al. [1972] and is in
good agreement with 18O values of silica within laterite proles obtained by Bird et al.
[1992]. The contribution to the 18O from silica in the samples resulted in a maximum
temperature increase of 0.3 oC (Appendix A) and so is not signicant compared to the
analytical errors.
The 18O values from the C alda^ g deposit range from -2.2 to -4 (0.4) h, whilst D values
range from -122 to -149 (3.9) h. 18O values from the Bitincke deposit range from -0.5
to 2.3 (0.4) h and D values from -98 to 139 (3.9) h. The variation in values is much
less within the C alda^ g deposit compared to the Bitincke deposit. The data are plotted
against height within the laterite in Figure 6.7; there is no systematic variation in isotopic
values through the weathering prole. In theory, the gradual downward progression of
the weathering front should result in continued precipitation of goethite, which will
then record the variation in the isotopic composition of precipitation. However, the
heterogeneous nature of the weathering front and prole collapse appear to result in a
variation with age that does not show a straightforward downward progression.
Surface air temperatures of goethite formation are shown in Table 6.1. These have been
calculated by combining equations (6.6) and (6.7) as follows:
T2 =
1:6  103
lny + 12:3  10 3 (6.9)
Where y =
=
8D(18OG + 1000)
DG + 1000 + 6990D
=18  (6.10)
The isotopic data is shown plotted with isotherms calculated using fractionation factors
of Yapp [1990] and Yapp and Poths [1985] and the GMWL [Craig, 1961] (Fig. 6.8).
The Bitincke deposit data yields temperatures of between 11 and 55 (5)oC whilst
the C alda^ g temperatures are more restricted, ranging from 33 to 55 (5) oC. Average
temperatures for the C alda^ g and Bitincke deposits are 45 and 32 (5) oC respectively
and median calculated temperatures are 46 and 35 (5) oC respectively.Chapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 133
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6.3 Discussion
The majority of temperatures calculated from the C alda^ g goethites are above the range
expected for surface conditions (30 oC maximum). Similarly, the range of temperatures
dened by the Bitincke goethites is beyond that expected at surface conditions. As
paleodeposits, the two laterites did not form in the contemporary hydrological regime.
Yapp [2000] dened modern surface (MSD) and warm earth surface domains (WESD) in
18O/D space for goethites forming in equilibrium with the modern day meteoric water
line and for goethites that formed during warmer periods in the Earth's history. Figure
6.9 shows the 18O and D data measured here plotted against these surface domains.
The data from the majority of the C alda^ g deposit falls outside of the WESD as dened
by [Yapp, 2000]. Data from the Bitincke deposit plots within the MSD, WESD and
above the WESD (Fig. 6.9). Clearly the high temperatures from both deposits cannot
be explained entirely by invoking variations in the GMWL caused by a `warm earth'.
The GMWL is an average for the global kinetic fractionation dened by simple Rayleigh
distillation. The deuterium excess, which denes the intersect of the MWL, varies locally,
according to changes in temperature and humidity at the evaporation source, whilst the
slope of the line dened by equilibrium fractionation (slope of the MWL), stays constant.
Local meteoric water lines will therefore possess the same slope but a dierent intersect
compared to the GMWL e.g. the Mediterranean meteoric water line (MMWL). The
modern day MMWL possesses a deuterium excess greater than the GMWL with a value
of 22 [Gat, 1996; McGarry et al., 2004] (Fig. 6.10). The isotherms associated with
goethites precipitating in equilibrium with the MMWL compared to the GMWL are
shown in Figure 6.10. Additionally modern day waters from the C alda^ g deposit plot
close to, or on, the MMWL. Therefore it may be appropriate to use the MMWL rather
than the GMWL in calculating paleosurface air temperatures in this region.
Figure 6.11 displays a plot of the C alda^ g and Bitincke isotope data and isotherms as-
sociated with the modern day MMWL. The plot shows the problems with assuming all
goethites precipitate in equilibrium with the GMWL, as the MMWL calculated temper-
atures are 10 oC lower for the same isotopic data.
The meteoric water line associated with the Tethys Ocean in the region the C alda^ g and
Bitincke laterites formed is not known, but Tethys was a relatively enclosed basin fromm
the Middle Eocene. Today the Mediterranean is the source of 40 % of the precipitation
in its own catchment [Emeis and Weissert, 2009]; a similar situation in the Tethys Ocean
during the formation of the laterite deposits would have signicantly altered the local
meteoric water line from the global average. Therefore the goethite formed here will
have precipitated in equilibrium with the local meteoric water line retaining the isotopicChapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 137
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signature that would indicate articially high temperatures when using the temperature
calculation based on the GMWL (equation 6.9) dened by Yapp [1987].
6.3.1 Variation in time
Laterites form over an extended period of time (>1 Myrs) and therefore experience
variations in climate and the associated changes in the isotopic composition of meteoric
water which in turn aects the isotopic signature of goethite. The majority of weathering
that formed the C alda^ g deposit occurred in the Mid-Late Eocene, however the protolith
would have been subject to a reduced rate of weathering until burial in the Latest
Messinian. The extended period of weathering means that it is possible that goethite
was precipitated in a range of hydrological regimes. Similarly the Bitincke deposit could
have experienced weathering over an extended period from the Early Cretaceous to
the Middle Eocene. The C alda^ g deposit has experienced 1000 m of uplift since the
exposure of the protolith which could have resulted in a 0.25 h decrease in 18O values
of precipitation [Quade et al., 2007]. Though the majority of this uplift occurred since
the Pliocene [Tavlan et al., in press] (Appendix B) and therefore is unlikely to aect the
majority of goethite precipitation. Variations in the isotopic data presented here may
then reect this duration of laterite formation in both deposits.
6.3.2 Goethite as a paleoenvironmental proxy
The work of Yapp [1987, 2000] relies on equilibrium fractionation between groundwaters
and goethite. Yapp [2000] suggests that large water rock ratios are required to reach this
equilibrium, however no value for this ratio is reported. Large water rock ratios would
imply a steady ow of groundwater suggesting that as goethite precipitated the isotopic
composition of the groundwater would be continually changing and therefore equilibrium
could never be reached. Although goethite has been proven to be relatively insoluble in
surface condition, over millions of years the isotopic composition of the goethite could re-
equilibrate. Re-equilibration with waters relatively enriched in deuterium would cause a
positive shift in D values and increase the apparent temperature of formation. Similarly
with sucient burial or the addition of a substantive thermal source e.g. hot springs
(commonly found in turkey associated with neotectonic activity) re-equilibration could
take place. Although the methods outlined by [Yapp, 2000] may be useful in assessing
relatively modern climatic variations the uncertainties associated with analysing goethite
that formed 10s of millions of years ago are too great to warrant further work using this
technique.Chapter 6. The oxygen and hydrogen isotope composition of lateritic goethite 140
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6.4 Conclusions
The temperatures calculated from the oxygen and hydrogen isotopic composition of
lateritic goethite from two paloedeposits exhibit a range of values, most of which are too
high for normal surface conditions. The formula used to calculate these temperatures
relates the data to the modern GMWL, it is likely that goethite formed in the Tethys
region would be subject to a local meteoric water line. As an example, the MMWL has
a deuterium excess of + 22 h compared to the GMWL deuterium excess of + 10 h.
Using the MMWL the calculated goethite temperatures of formation may be 10 oC
cooler than these calculated using the GMWL. The variation observed in the data is
probably related to the duration of laterite exposure. This is because the deposits will be
subject to a range of hydrological regimes over 50 Myrs and although the main phases
of weathering are shorter, goethite may form throughout this period, resulting in the
observed range of temperatures. Due to these variations the data are not robust enough
to draw any rm conclusions on the surface air temperature at the time of precipitation.Chapter 7
Climate Change and Formation of
Nickel Laterite Deposits
This chapter has been written as a manuscript to be submitted to Geology.
Abstract
One of the major controls on nickel laterite deposit formation is climate. By comparing
climatic data for regions where suitable ultramac rocks are exposed and dening which
climatic conditions lead to the formation of nickel laterite deposits, the optimum temper-
atures and precipitation rates for nickel laterite development are identied. Areas where
nickel laterites are forming today receive more than 1000 mm/yr precipitation and have
cold month mean temperatures between 15 to 27 oC and warm month mean temperatures
between 21 to 30 oC.
A compilation of paleoclimatic data for paleolaterite regions combined with our newly
dened nickel laterite deposit formation `window', allows an assessment of the timing
and duration of paleonickel laterite deposit formation. We show that the formation of
the C alda^ g nickel laterite deposit, Western Turkey, is likely to have begun when the ul-
tramac protolith of Cretaceous age was exposed in the Early Eocene, with the majority
of the deposit forming during the Eocene, when the area experienced temperatures and
precipitation similar to modern day laterite forming regions. In comparison, the forma-
tion of the Bitincke deposit, south Albania, was mostly complete by the Early Eocene
after which cold mean month temperatures dropped below the optimum for laterite for-
mation as dened by our modern day formation `window'. This technique for analyzing
the duration and timing of nickel laterite deposit formation can potentially be used as
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a powerful exploration tool by dening the time periods and regions in which laterite
deposits are most likely to form.
7.1 Introduction
Nickel laterites are the product of prolonged and pervasive weathering of Ni silicate
bearing ultramac rocks which have been exposed in tropical to subtropical environ-
ments. Nickel laterites contain over 60 % of the world's nickel resource and account
for 40 % of annual global nickel production [Kuck, 2008]. The formation of nickel lat-
erites is inuenced by a number of geological variables including protolith composition,
topography and structures [Freyssinet et al., 2005]. However, a major control on nickel
laterite deposit formation is climate. Relatively high temperatures and rainfall cause
intense weathering which results in the destruction of the primary nickel bearing miner-
als, olivine and serpentine, and the leaching of Si, Mg and other more mobile elements.
Elevated temperatures and rainfall are necessary to produce a deep regolith where the
rate of chemical weathering exceeds the rate of physical erosion [Freyssinet et al., 2005].
Dierent climatic conditions are considered to form dierent types of deposit, with clay
silicate deposits found dominantly in semi-arid regions, hydrous silicate deposits in hu-
mid climates and oxide deposits are able to develop under a range of climatic conditions
[Brand et al., 1998]. The reasons for this distribution are poorly understood [Brand
et al., 1998]. Deposits which currently lie within cooler climatic regimes e.g. Bitincke,
Albania or Schenvchenko in the Urals are considered to be palaeodeposits that originally
formed during warmer climes.
This paper presents data showing the climatic conditions necessary to from modern day
nickel laterite deposits. Optimum temperatures and rates of precipitation are identied
and compared with paleoclimatic data from regions where two paleolaterites are exposed
in southern Albania and western Anatolia, Turkey, in order to assess the timing and
duration of paleoweathering in these areas.
Previously, the climate conditions necessary to produce an economically signicant nickel
laterite have been identied as broad regimes, with the majority of laterites considered
to form in humid tropical and humid savannah environments, where seasonality results
in a variation in precipitation, with a dry season of 2 - 5 months [Brand et al., 1998;
Freyssinet et al., 2005]. This seasonality however, is not reected in large temperature
changes, with modern laterites experiencing temperature variations of less than 5 oC
a year between the warmest and coldest months. Attempts have been made to identify
climatic conditions conducive to laterite formation both in the modern day and through
geological time [Brand et al., 1998; Retallack, 2010; Tardy et al., 1991]. However noneChapter 7. Climate Change and Formation of Nickel Laterites 144
of these studies have led to a global understanding of the climatic conditions necessary
to produce nickel laterite deposits.
7.2 Dening the Optimum Conditions for Nickel Laterite
Formation
7.2.1 (1.) Protolith
The primary control on nickel laterite formation is the exposure of suitable parent rock
(protolith), typically these are ultramac peridotites including lherzolite, harzburgite
and dunite. These rocks are encountered in ophiolite complexes (e.g Goro, New Cale-
donia) or ultramac layered igneous intrusions (e.g. Barro Alto, Brazil). The majority
of nickel laterites are formed by the weathering of ophiolite fragments, with up to 85
% of all nickel laterites being found in accretionary terranes [Freyssinet et al., 2005].
The combination of the instability of the protolith constituent minerals at surface tem-
peratures and pressures and the nickel content of the fosterite olivine (0.2 wt %) may
result in the development of thick weathering proles, possessing economically important
nickel reserves. However, not all ultramac rocks exposed at the surface are weathered
to produce laterites as climate and geological variables will inuence the weathering
process and determine whether a nickel laterite deposit forms.
7.2.2 (2.) Climate
Considering the prevailing climatic conditions for ultramac rock exposures with and
without signicant laterite development, Figures 7.1A and B and Figure 7.2 indicate
that for the majority of the exposed potential laterite forming lithologies the controlling
factor on laterite formation is climate. Lithologies weathered to form nickel laterites ex-
perience distinctly dierent climatic conditions than those ultramac sequences that do
not produce deposits. Although there is relatively little dierence in warm month mean
(WMM) temperatures between lateritized and non-lateritized lithologies, with temper-
atures varying between 12 and 31.4 oC, there is a signicant dierence in cold month
mean (CMM) temperatures with a variation between -16 and 31 oC. All the lateritized
ultramacs are subject to more than 1000 mm of precipitation a year. Notably, the
paleonickel laterites in Western Australia, e.g. Murrin Murrin experience temperatures
very similar to modern day deposits with a CMM temperature of 12 oC and WMMChapter 7. Climate Change and Formation of Nickel Laterites 145
Table 7.1: Climatic data for exposed ultramac rocks and associated nickel laterites
[Freyssinet et al., 2005; WMO, 2008]
Country Ultramac Laterite CMM MAT WMM MAP
No Lateritisation (oC) (oC) (oC) mm/yr
Cyprus Troodos 26 19 12 308
Russia ural laterites -16 2 19 443
Oman Semial 31 28 23 90
Albania Mirdita 9 18 28 686
Turkey e.g. Kizladag 0 12 22 504
Greece Pindos 5 15 25 449
Finland Jormua -10 3 17 608
Newfoundland Betts cove etc. -6 6 19 1452
UK Lizard 5 10 17 764
Canada Metchosin 3 10 17 1199
New Zealand Dun Mountain 9 14 18 1018
USA, Oregon Josephine 4 12 20 922
Lateritisation
Cuba Moa Bat 20 27 31 840
Burma Tagaung Taung 22 25 28 1189
Indonesia Saroako 27 27 27 3185
New Caledonia Goro 20 23 26 1072
Burundi Musongati 21 22 23 1180
Madagascar Moramanga 15 19 22 1365
Guatamala Exmibal 18 20 22 1186
Columbia Cerro Matoso 22 22 23 1687
Dominicon Republic Falcondo 24 26 27 1447
Philippines, Ajoce 27 28 30 2201
Brazil Vermelho 27 27 28 2286
Cote D'Ivoire Sipilou-Touba-Biankouba 24 24 26 1839
temperature of 29oC, but are subject to rainfall that is relatively low (276 mm/yr), in-
dicating the importance of elevated precipitation rates to the formation of nickel laterite
deposits.
The data presented in Figures 7.1 and 7.2 describe a laterite formation window (LFW),
within which exposed ultramac rocks appear to form nickel laterite deposits. These
data suggest that the optimum climatic conditions for Nickel laterite deposits are found
in climates with CMM temperatures between 15 and 27 oC and WMM temperatures
between 21 and 30 oC and are subject to between 1000 and 3200 mm of precipitation a
year.
7.2.3 (3.) Geology
Despite the importance of climate not all of the ultramac rocks suitable for lateritiza-
tion exposed within the nickel laterite formation window will result in the formation of
nickel laterite deposits. Nickel laterite formation normally occurs in geologicaly stable
conditions, in areas of relatively low topography, where the rate of chemical weathering
is higher than the rate of physical erosion. Though some deposits e.g. Sorako, Indonesia,
will form in areas of higher topography.
Even where ultramacs are weathered to form a laterite deposit the weathering process
will have a nite duration depending upon geological variables even when there is no
signicant change in climatic conditions. For example, the palaeodeposits found within
the modern day climate formation window, e.g. Moa Bay, Cuba ceased forming 10
Ma due to substantive changes in the prevailing geological conditions. In the Moa BayChapter 7. Climate Change and Formation of Nickel Laterites 146
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Figure 7.1: A and B. The climatic conditions to which lithologies suitable for lat-
eritisation are exposed. Red = weathered ultramac associated with signicant nickel
laterite deposits, Black = ultrama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cold month mean temperature, WMM = warm month mean temperature (data dis-
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region laterite formation slowed as a maximum depth of weathering was reached and
uplift ceased [Lewis et al., 2006]. Although nickel laterite deposits are no longer forming
in this region, signicant weathering and lateritization is on-going [Lewis et al., 2006;
Schirrmeister and Storr, 1994].
7.2.4 Paleodeposits
Through Earth history there have been major uctuations in global temperatures. Low
latitude terrestrial environments experience variations in CMM temperatures with rel-
atively little change in WMM temperatures during the Tertiary [Akgun et al., 2007;
Mosbrugger et al., 2005; Utescher et al., 2007, 2009]. Combining the paleoclimatic data,
the duration of protolith exposure and modern day laterite climate data allows for an
assessment of the duration of the main lateritization phases.
The C alda^ g and Bitincke nickel laterite deposits developed over Tethyan ophiolite ul-
tramac rocks. The C alda^ g deposit is classied as an oxide deposit, with the entire
weathering prole composed of oxide phases, predominantly goethite (FeOOH). The
morphology of the oxide zone varies considerably across the deposit due to transporta-
tion and reworking in some regions [Thorne et al., 2009]. The Bitincke deposit possesses
an economically important secondary silicate zone located beneath an oxide zone that
is dominated by goethite and hematite. This oxide horizon is relatively consistent in its
texture, mineralogy and Ni content across the entire deposit [Thorne et al., in press].
Comparison of the paleoclimatic variation that the Bitincke and C alda^ g deposits expe-
rienced during the last 45 Ma with climatic data for modern day laterites enables an
assessment of the likely timing and duration of the main phases of lateritization (Fig.
7.3).
The ophiolite fragment that forms the protolith of the C alda^ g laterite was exposed
and subject to erosion during the late Early Eocene [Akdeniz, 1980; Onoglu, 2000] and
probably remained exposed until the middle Tortonian when the deposit was overlain
by lacustrine sediments [Kaya et al., 2004]. The paleoclimatic conditions experienced by
Western Anatolia, Turkey during this period of exposure have been determined by the
coexistence approach [Akgun et al., 2007; Akkiraz and Akgun, 2005; Akkiraz et al., 2006,
2008]. The data show a correlation with previously recorded global climatic changes
[Zachos et al., 2008] and records from central Europe [Mosbrugger et al., 2005]. There
is a general cooling from the Early Eocene Climatic Optimum (EECO) until the Middle
Miocene, when there was a slight increase in temperatures during the Middle Miocene
Climatic Optimum (MMCO), followed by cooling until the present day (Fig. 7.4).Chapter 7. Climate Change and Formation of Nickel Laterites 149
Tufekci [1991] suggested that laterites within Turkey formed during two periods; the
Late Cretaceous and the lower Middle Miocene. However climatic data for the duration
of protolith exposure at C alda^ g (Figs. 7.3A B, 7.4) show that conditions were best suited
to lateritization during the Middle Eocene (and earlier), with lower CMM temperatures
during the mid-late Oligocene and later which are less conducive to laterite formation.
Yearly precipitation was higher than 1000 mm for the majority of the exposure of the
protolith, only decreasing below optimum lateritization levels between the Late Miocene
and the present day (Fig. 7.3A B).
A similar approach has been applied to the Bitincke deposit, south Albania. The pro-
tolith of the Bitincke deposit is the Bilisht ophiolite located in the south of the Mirdita
ophiolite zone which has an average age of 170 Ma [Dilek et al., 2008]. The ophio-
lite represents a Mesozoic Tethyan basin which was located between the microcontinent
of Apulia (Adria) and the Pelagonian fragment [Bortolotti et al., 1996; Smith, 2006].
The Mirdita ophiolites form the protolith for many laterites in the region e.g. Kas-
toria, Greece; Guri Kuq, Albania. Lateritization occurred across the exposed Mirdita
ophiolites from the Early Cretaceous, and many of the nickel laterite deposits within
Albania are overlain by Cretaceous sediments [Peza, 1998; Robertson and Shallo, 2000].
The Bitincke nickel laterite is one of the youngest deposits in Albania with sedimentary
cover dated to the Middle Eocene [Molla et al., 1994], whilst the Kastoria deposits,
Greece (50 km south of Bitincke) are most probably overlain by Early Oligocene sed-
iments found within the Mesohellinic trough [Kontopoulos et al., 1999]. Paleoclimatic
data specically for southern Albania are rare, however by using data from surrounding
Balkan region, which was part of the same terrane during the Cenozoic, a paleoclimatic
history, correlating with global climatic variation can be established [Ivanov et al., 2007;
Utescher et al., 2007] (Fig. 7.4). Comparing paleoclimate data to modern day laterite
forming climates indicates that lateritization in this region is unlikely to have formed
economically signicant deposits from the Middle Eocene until the present day (Fig.
7.3A B, 7.4). In this example it is unfortunate that there is no specic climate data
available, prior to the mid-Oligocene. However, given the available paleoclimate data
and biostratigraphy of sediments overlying the laterites it is probable that most of the
lateritization in the Balkans occurred between the Cretaceous and the Early Eocene
as global temperatures were signicantly warmer during this time period [Huber et al.,
2002; Zachos et al., 2008].Chapter 7. Climate Change and Formation of Nickel Laterites 150
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Figure 7.3: A. CMM and MAP for nickel laterites forming today and and ultramics
which have not experienced lateritization, compared with paleo-CMM and MAP data of
the C alda^ g and Bitincke laterites from the Mid-Eocene to present day. i. Modern day.
ii. Early Tortonian to the mid-Miocene iii. Mid-Eocene. 1. Modern day 2. Miocene-
Pliocene to the Mid Miocene 3. Mid Oligocene B. Warm month mean (WMM) and
mean average precipitation (MAP) for nickel laterites forming today and ultramacs
which have not experienced lateritization, compared with paleo-WMM and MAP data
of the C alda^ g and Bitincke laterites from the Mid-Eocene to present day. i modern day
ii. Early Tortonian to Mid Eocene 1. Modern day 2. Miocene-Pliocene boundary to
the mid Oligocene [Akgun et al., 2007; Akkiraz and Akgun, 2005; Akkiraz et al., 2006,
2008; Ivanov et al., 2007; Utescher et al., 2007; WMO, 2008].Chapter 7. Climate Change and Formation of Nickel Laterites 151
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7.3 Implications for exploration
The newly developed nickel LFW can be used to assist exploration in regions of pale-
olateritization e.g. the Balkans and Turkey and areas with extended laterite formation
e.g. Brazil. For an economically important nickel laterite to form a suitable protolith
must have been exposed within the LFW. Following weathering the laterite must then
be preserved, most commonly by sediment deposition, or the formation of an indurated
silica or iron oxide cap. Knowledge of the paleoclimate history will determine the most
intense period of weathering and therefore the age range of the sediment cover that may
have been deposited over ultramacs, protecting the laterite. Exploration should be
geographically targeted on collision zones and temporally on areas where paleoclimatic
data indicate periods of intense weathering, analogues to regions where laterites are
forming today.
7.4 Conclusions
By analyzing the climatic conditions that produce nickel laterite deposits, a formation
`window' has been established. The ideal temperature ranges for the formation of an
economically signicant nickel laterite are 15 to 27 oC for CMM temperatures and 22
to 29 oC for WMM temperatures. Precipitation ranges from 1000 to 3100 mm/yr. A
comparison of these climatic conditions with paleoclimatic data from areas with paleola-
terites combined with a knowledge of the timing and duration of protolith exposure can
help to establish the periods when nickel laterite formation was most probable. This
technique could be applied to a variety of weathering related deposits to help better
dene the history of formation, and focus research on potential laterite deposit bearing
regions.Chapter 8
Conclusions and Further Work
Following a review of the published literature and this study of the C alda^ g and Bitincke
laterites, located in Turkey and Albania respectively, it is evident that there are a
number of factors which can contribute to the formation of an economically important
nickel laterite deposit (Fig. 8.1). The primary controlling factor on laterite formation is
the presence of a suitable protolith. Peridotites found within layered igneous intrusions
or as part of ophiolites, are the primary lithologies that form nickel laterites. Both
the C alda^ g and Bitincke protoliths are ophiolite fragments that were originally part
of the Tethys oceanic crust. Analysis of the stratigraphy in the regions of laterite
formation suggests that the C alda^ g protolith was exposed to weathering from the Middle
- Late Eocene to the latest Messinian, whilst the Bitincke ophiolite was exposed between
the Early Cretaceous and the Middle Eocene. The C alda^ g protolith is composed of
variably fractured serpentinite which contains unaltered olivines and pyroxenes in the
least weathered exposures. The Bitincke protolith is a partially serpentinized peridotite
which retains pyroxenes and chromites. Both lithologies contain 0.2 wt % Ni.
When a suitable protolith is exposed in surface conditions, a number of factors determine
whether a nickel laterite deposit is formed (Fig. 8.1). One of the most crucial inuences
is climate. An analysis of the climatic conditions that form nickel laterite deposits
today denes a formation window (LFW). The weathering rate is sucient to form
deposits in climatic conditions with more than 1000 mm of rainfall per year and with cold
month mean temperatures between 15 and 27 oC and warm month mean temperatures
between 21 and 30 oC. Paleoclimatic data from Western Turkey indicates the C alda^ g
deposit experienced conditions that lie within the LFW in the Middle - Late Eocene,
suggesting, contrary to previous studies, that the majority of this laterite formed during
this time period. Paleoclimatic data for Albania is limited but conditions conducive to
laterite deposit formation appear to have existed before the Early Eocene, after which
153Chapter 8. Conclusions and Further Work 154
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temperatures dropped outside the LFW. Oxygen and hydrogen isotope data suggest
average temperatures of goethite formation of 45 and 32 oC for the C alda^ g and Bitincke
deposits respectively, which is too high for formation at surface conditions. This suggests
that the goethites formed in equilibrium with a local meteoric water line that may have
been dierent to the modern day global meteoric water line. These stable isotope data
also yield a range in calculated temperatures, likely representing the extended weathering
period of the deposits. Due to these variations the data presented here were not robust
enough to draw any rm conclusions on the surface air temperatures at the time of
goethite precipitation.
Even when a lithology of the correct type is exposed in a suitable climate, there is still
no guarantee that a nickel laterite deposit will form. Geological variables inuence the
type and size of laterite formed (Fig. 8.1). The C alda^ g deposit is classied as an oxide
deposit and is dominated by the ore mineral; goethite. It contains a high proportion of
silica, both within the oxide portion of the laterite and as discrete horizons in the upper
portion of the laterite. This style of mineralization is indicative of a low topography
with restricted drainage (Fig. 8.1), where Ni has not been suciently transported to
form secondary silicates and local groundwaters are supersaturated with respect to SiO2.
Clays are a minor component of this laterite deposit, indicating relatively low aluminium
concentrations. Chemical weathering has exploited minor fractures within the protolith
with the alteration front progressing initially along the fracture surfaces before moving
more pervasively into the surrounding rock.
The Bitincke deposit is classied as a secondary silicate deposit. Enrichment factors rel-
ative to V, indicate Ni has been leached from the upper portions of the oxide zone and
transported down the through the prole, before combining with silica and magnesium
released during the destruction of the primary minerals at the weathering front. This
process forms secondary silicate minerals that are together known as garnierites. This
type of deposit is normally associated with free draining conditions, with a low to moder-
ate topography (Fig. 8.1). Data collected at the Bitincke deposit suggests that it formed
within a tectonically active regime, with normal faulting forming basins, within which
muds and limestone were deposited. Weathering follows fractures and faults within the
protolith. Corestones are common within the silicate zone of the prole whilst garnierite
veining is found in the most altered portions of the silicate zone.
During and after their formation, nickel laterites are subject to physical erosion and
transportation at the surface (Fig. 8.1). The C alda^ g laterite has undergone signicant
movement, in the form of prole collapse and physical transportation. Three separate
transport mechanisms are recognized in the deposit: pocket type, with movement of
material from topographic highs to lows; fault related movement from hanging wall toChapter 8. Conclusions and Further Work 156
footwall and slumping. This transportation leads to the formation of a disaggregated
prole and lateral variations in the thickness of the laterite. The Bitincke deposit dis-
plays little morphological and geochemical evidence of local transportation, except for
paleochannels that contain lateritic material, showing that erosion had taken place.
Protolith lithologies in stable cratonic areas, e.g. Brazil, may stay exposed at the surface
for 100 Myrs and are possibly undergoing active weathering for the majority of this
time. In regions where a change in climate or tectonic regime has led to the termination
of lateritization, a mechanism is required to preserve the weathering prole (Fig. 8.1).
The C alda^ g deposit is partially covered by lacustrine deposits, which have contributed to
the preservation of this deposit. However the formation of a siliceous cap played a more
important role in the preservation of this deposit. The silica within the prole displays a
variety of morphologies all indicative of a groundwater silcrete. Transformation and re-
precipitation textures are recognized in the base of the weathering prole and veins with
alternating wall lining chalcedony and microquartz are indicative of successive pulses of
silica saturated uid moving through the prole. Siliceous horizons in the upper portion
of the prole are all disaggregated and are commonly aligned in 10 cm to 1 m bands. The
majority of the silica is sourced from the weathering of the serpentine that forms silicic
acid, which is retained in the prole and precipitated during evaporation events, caused
by climate change and increased seasonality. The Bitincke deposit has been preserved
by the deposition of overlying sediments. The thickest proles are preserved by the sedi-
ments deposited in small fault controlled basins. The majority of the deposit is overlain
by a limestone conglomerate. Paleotopographic highs have experienced erosion prior to
or during the deposition of this lithology, resulting in variations in prole thickness and
in some places the complete absence of the oxide zone.
The formation of both the C alda^ g and Bitincke deposits are the result of the interaction
between numerous geological and climate variables. The primary control on laterite
formation is exposure of a suitable protolith. The size, morphology and mineralogy of the
laterite is then determined by variations in climate, protolith composition, topography,
the height of the water table and the presence or absence of structures. During its
formation the laterite may be aected by uplift, transportation or erosion. Finally
the laterite must be preserved by the formation of a silica cap or by the deposition of
sediments (Fig. 8.1).
8.1 Further work
The studies in this thesis have presented data on specic deposits and discussed in
broader detail laterite formation environments. The further work section is thereforeChapter 8. Conclusions and Further Work 157
subdivided into work that would specically apply to the C alda^ g and Bitincke deposits
and work that relates to general nickel laterite formation.
C alda^ g and Bitincke deposits:
 The process of weathering, from the destruction of the primary minerals, to the
formation of an oxide and secondary silicate lateritic zone, could be modeled using
Geochemist's Workbench. This would result in a better understanding of the
sequence of mineral precipitation and the chemical conditions necessary to form
dierent types of nickel laterite deposits.
 The Bitincke and C alda^ g deposits do not contain sucient potassium for K-Ar or
40Ar/39Ar dating but (U-Th)/He dating techniques may allow the main phases of
weathering to be determined. This will allow a rm link with the paleoclimate to
be drawn.
 Dating of the goethite, used in the O and H isotope studies, by (U/Th)/He meth-
ods would would help to determine if the duration of the weathering period was
responsible for the range in temperature data observed.
 A study of a modern deposit for comparison with the two paleodeposits would
allow for any dierences between the formation of laterites today and in the past
to be established. It will also indicate what, if any, aects burial has on the laterite
prole.
General nickel laterite formation:
 A comparison of the mineralogy of modern deposits forming in dierent climates
(wet-dry, tropical, semi-arid) would help to establish the link between climate and
the dominant ore mineralogy.
 Extended analysis of the climatic environments within which nickel laterite de-
posits form would allow for the testing of the laterite formation window. Investi-
gations of deposits with a known age would make the laterite formation window
more robust.
 The two deposits within this thesis are both formed from the weathering of Tethyan
ophiolites, investigation of a number of other Tethyan laterites could lead to a
general model of formation for this type of laterite and may lead to predictions on
the location of previously unexplored/poorly explored regions e.g. China.Chapter 8. Conclusions and Further Work 158
 The process of silicication within laterites is poorly understood and yet is crucial
to the preservation of numerous nickel laterite deposits e.g. C alda^ g, Turkey, Ver-
melho, Brazil, and Cawse, Australia. Further analysis of the processes responsible
for silicication during and after the main weathering phase in laterites may lead
to predictions on where these deposit types are most likely to be found.Appendix A
Data Tables
A.1 Data Tables
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Table A.12: Density and porosity data for the Treni and Kapsthica proles of the
Bitincke laterite
Treni
Height (m) Sample Bulk density gncm3) Grain density (gncm3) Porosity (n) Net strain V
7.30 A15 2.02 3.05 0.34 -0.63
6.30 A18 2.28 2.58 0.11 -0.65
5.30 A24 2.31 2.74 0.16 -0.75
4.30 A25 2.55 2.71 0.06 -0.80
2.30 A27 2.16 2.97 0.27 -0.72
1.30 A28 2.14 3.45 0.38 -0.69
0.30 A29 2.10 3.26 0.35 -0.71
0.00 A30 2.50 2.57 0.03 -0.81
-2.00 protolith 2.68 3.01 0.11 0.00
Kapshtica
Height (m) Sample Bulk density (gncm3) Grain density (gncm3) Porosity (n) Net strain Cr
5.59 A48 2.34 2.90 0.19 -0.79
3.01 A43 2.69 2.89 0.07 -0.88
1.72 A40 2.16 3.20 0.32 -0.73
1.29 A39 2.00 2.19 0.08 -0.06
0.43 A37 1.96 2.34 0.16 1.84
0.00 A36 2.05 2.50 0.18 0.79
-2.00 protolith 2.68 3.01 0.11 0.00Appendix A. XRF Data Tables 172
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A.2 O and H isotope errors
The errors aecting the calculated temperatures originate from the oxygen and hydrogen
isotope analytical technique and the aluminium concentration within the goethite. The
errors from these procedures are shown in Table A.14 and were combined as follows:
error18O =
p
0:32 + 0:282 = 0:410 (A.1)
errorD =
p
32 + 2:62 = 3:96 (A.2)
These dene the absolute errors of the measured 18O and D of  0.4 h and and 
3.97 h, respectively.
Propagation of these errors to yield a temperature error was calculated as follows:
Firstly, the equations used for the temperature calculation must be recounted (Equations
A.3 and A.4), see Chapter 6, Section 6.1.6 for a detailed explanation of these equations.
T2 =
1:6  103
lny + 12:3  10 3 (A.3)
where y =
y =
8D(18OG + 1000)
DG + 1000 + 6990D
=18  (A.4)
Secondly the numerator and the denominator in Equation A.4 are combined with the
18O and D absolute errors, in the equations below to calculate the relative errors on
the 18O and D values.
ReO =
num
error18O
(A.5)
Table A.14: Errors during analysis and from aluminium substitution
.
18O D
h h
Analytical  0.3  3
Aluminium  0.28  2.6Appendix A. XRF Data Tables 174
ReD =
den
errorD
(A.6)
where ReO and ReD are the relative errors of the 18O and D values, respectively and
num and den are the numerator and denominator of equation A.4.
Absolute error of the calculated temperature values was calculated as follows:
errory = y 
q
Re2
O + Re2
D (A.7)
where errory is the absolute error on y as dened by Equation A.4.
The maximum and minimum value for y, when taking into account the propagated error
for each sample was then used to determine the maximum and minimum temperatures
for each sample (Table 6.1).
Further to this, the error as a result of the silica content of the samples has also been
dened. As a result of the inability to measure the 18O of the silica in these samples, a
maximum increase in temperature has been calculated taking into account, the maximum
contribution of silica in each deposit and using a silica 18O value of 30 h, dened by
quartz-water fractionation factors reported by Clayton et al. [1972]. The degree of the
18O shift can be corrected using the following equation:
18Ogoethite =
18Ogoethite+contaminant   (18Ocontaminent  XContaminant)
Xgoethite
(A.8)
where X refers to the atomic fraction of oxygen.
The calculated changes in temperature caused by the silica within the samples are shown
in Table A.15
Yapp [1987] suggests that if a goethite sample contains more than 1 % oxygen as SiO2
some correction for silica should be made. The maximum increase in temperature from
the silica within analyzed goethite is 0.3 oC. Therefore the silica contributions do not
have a signicant eect on temperatures, given the analytical error and the spread of
the data.Appendix A. XRF Data Tables 175
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Anatolia  3 
  4 
Metin TAVLAN*  5 
Sardes Nikel Madencilik A.Ş.  6 
Akdeniz Cd. No: 14 Birsel İş Merkezi D: 502  7 
35210 Konak/ İzmir/ TURKEY  8 
  9 
Robert Thorne  10 
School of Ocean and Earth Science,  11 
National Oceanography Centre, University of Southampton,  12 
Southampton SO14 3ZH, UK  13 
  14 
Richard Jeremy Herrington  15 
Mineralogy Department, Natural History Museum,  16 
Cromwell Road,  17 
London SW7 5BD, UK  18 
  19 
*Corresponding author (e-mail: mtavlan@sardesnikel.com.tr)  20 
  21 
The number of words of text: 4578  22 
The number of references: 113  23 
The number of figures: 15  24 
  25 
Abbreviated title: Uplift and weathering history of Çaldağ  26 
  27 
Abstract: The Çaldağ ophiolite, located in the Bornova Flysch Zone (BFZ), is a fragment of  28 
Neo-Tethys in the Aegean province, western Turkey.  The BFZ is of likely Cretaceous age,  29 
locally covered by Early Eocene sediments of the Başlamış Formation showing the first  30 
evidence for exposure of ultramafic rocks. Field mapping confirms eight tectonic events  31 
correlated with the published regional history. The Çaldağ ophiolite would have been exposed  32 
for weathering only from the Mid-Palaeocene to the Late Miocene and from the Mid Pliocene  33 
until present.  This weathering has resulted in the formation of an average ~69m thick oxide- 34 
dominated Ni-laterite. Biological, palaeoecological and isotopic records highlight favourable  35 
conditions for weathering, comparable to regions where laterites form today.  These data  36 
suggest tropical to subtropical climatic conditions dominated through most of the Cenozoic;  37 
the Palaeocene–Eocene was significantly warmer than the Oligo-Miocene.  Combining the  38 
exhumation history with the available climate data better constrains the periods suitable for  39 
laterite formation with implications for laterite formation regionally.  The data indicates a  40 
possible aggregate 50 million years when laterite formation was possible, yet the profile  41 
measured at Çaldağ is indicative of either a shorter period of actual weathering or partial  42 
erosion of the formed profile.  43 
Key words: Nickel, lateritisation, uplift, palaeoclimate, Cenozoic, Çaldağ, western Anatolia  44 
  45 
Nickel laterites are the residual weathering products of mafic and ultramafic rocks and they  46 
are commonly developed on the ultramafic parts of ophiolite sequences.  It is clear that  47 
lithology, tectonism, relief, drainage, and structure will all influence the nature of the formed  48 
laterite (e.g. Lelong et al. 1976; Golightly 1981; Brand et al. 1998; Elias 2002; Freyssinet et  49 
al. 2005). The largest modern nickel laterite deposits on the Earth (e.g. Goro, Koniambo: New  50 Appendix B. Uplift and lateritisation history of the C alda^ g. Tavlan et al. in press 178
  2
Caledonia; Soroako, Sampala: Indonesia; Pinares de Mayari, Camaguey, Moa Bay: Cuba;  51 
Musongati: Burundi; Moramanga: Madagascar; Exmibal: Guatemala; Cerro Matoso:  52 
Colombia; Falcondo: Dominican Republic) are all found within the modern tropical climate  53 
belts (Fig.1). Actual climate data ranges have been plotted on Figure 2.  54 
  55 
Whilst there are no laterites forming in the eastern Mediterranean area today due to the  56 
relatively cool climate of the region, ultramafic rocks in Tethyan ophiolite belts are host to a  57 
number of fossil nickel laterites (Fig. 3) located along suture zones in a belt from northern  58 
Serbia through the Balkan region into Greece and Turkey (Boev & Jankovic 1996).  The  59 
deposits in these belts are formed of both primary in-situ lateritic profiles and reworked  60 
nickeliferous iron-oxide horizons, both types of deposits have been exploited in many regions  61 
of former Yugoslavia, Albania and Greece with significant production only now coming from  62 
Greece. However, the laterite-bearing ophiolite belt stretches down through into Turkey  63 
although here the laterites have only recently been evaluated for production.  64 
  65 
One of the Turkish nickel laterites is the 33.3 Mt @ 1.13% Ni Çaldağ nickel oxide–hydroxide  66 
profile in the Bornova Flysch Zone (BFZ) of western Turkey (Yıldız 1977; Çağatay et al.  67 
1981, Thorne et al. 2009, www.sardesnikel.com.tr). Other lateritic nickel deposits in the BFZ  68 
include those at Gördes and Balıkesir.  Elsewhere in Turkey, the Tavşanlı Zone has known  69 
occurrences at Mihalıççık and Karaçam; the Afyon Zone has the occurrence of Uşak- 70 
Muratdağı and there are also nickeliferous laterites in the Lycian Nappes of the Kale-Tavas  71 
Basin. Apart from Çaldağ, only Gördes and Karaçam have been seriously investigated and  72 
can be called deposits.  However, not all exposed Tethyan ultramafics have laterites  73 
developed since the formation and preservation of such deposits is controlled by a number of  74 
factors including tectono-stratigraphic setting, geomorphology, climate, uplift history etc.  75 
(e.g. Golightly 1981, Freyssinet et al. 2005).  76 
  77 
The Tethyan oceanic basins from which the ultramafic protoliths are derived originally  78 
formed during the Permo-Triassic break-up of northern Gondwana and are mainly represented  79 
by the Intra-Pontid Suture (Carboniferous– Triassic Palaeo-Tethys) and the İzmir–Ankara  80 
Suture (Triassic–Cretaceous Neo-Tethys) in NW Turkey (Fig.4, e.g. Şengör & Yılmaz 1981;  81 
Şengör et al. 1984; Okay & Tüysüz 1999; Stampfli 2000; Tekin et al. 2002; Robertson et al.  82 
2004 and references therein). After the compressional uplift of ophiolites, which triggered the  83 
late Alpine metamorphism of Menderes Massif (e.g. Şengör & Yılmaz 1981; Okay 1989;  84 
Özer & Sözbilir, 1995; Bozkurt & Oberhänsli 2001; Collins & Robertson 2003 and references  85 
therein), the Aegean region has been subjected to protracted extensional, compressional and  86 
strike-slip deformation (e.g. Sözbilir 2002; Bozkurt & Sözbilir 2004; Işık et al. 2004; Kaya et  87 
al. 2004; Emre & Sözbilir 2007; Çiftçi & Bozkurt 2009a,b; Uzel & Sözbilir 2008 and  88 
references therein). This complex uplift history has major implications for the timing and  89 
duration of exposure of the ultramafic rocks for weathering; for the structural modifications  90 
seen syn and post weathering and the subsequent preservation history of the formed deposits  91 
during more recent times.  92 
  93 
It is clear that the nickel laterite deposits in Turkey (e.g. Çaldağ, Karaçam, Gördes) must all  94 
have formed in warmer and wetter climatic conditions (Tüfekçi 1991). According to Tüfekçi  95 
(1991), the tropical climate necessary for lateritisation was restricted to separate periods  96 
within the Upper Cretaceous and Lower–Middle Miocene.  The Çaldağ upland is a horst  97 
structure rising in the northwestern depressional region of the Gediz Graben System, western  98 
Anatolia (Fig.5). In this region, both contractional and extensional tectonics are recorded  99 
which have affected the exposure and relief of Çaldağ during the lateritisation process.   100 Appendix B. Uplift and lateritisation history of the C alda^ g. Tavlan et al. in press 179
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  101 
This study combines known ages of ophiolite exposure with all associated palynological,  102 
palaeoenvironmental and palaeoclimatic studies and overlays subsequent tectono-sedimentary  103 
development of western Anatolia. Combined with recent field studies from Çaldağ this data  104 
has been used to establish an optimum approximation of the lateritisation history of the  105 
western Turkey.  106 
  107 
Review of the tectonic history of the Aegean Province  108 
Following closure of Neo-Tethys and ophiolite obduction and uplift, the Aegean province  109 
continued to experience compressional deformation until the Oligocene when extensional  110 
tectonics become dominant. Extensional tectonics and related basin formation in the region is  111 
explained by several different models: (1) westward tectonic escape of Anatolian microplate  112 
along North Anatolian Fault Zone and East Anatolian Fault Zone (Dewey & Şengör 1979;  113 
Şengör 1979, 1987; Şengör & Yılmaz 1981; Şengör et al. 1985); (2) back-arc spreading of  114 
western Anatolia caused by south-southwest directed subduction, roll-back and migration of  115 
Aegean arc (McKenzie 1972; Kissel et al. 2003); (3) extensional collapse of the  116 
overthickened orogen after continent–arc collision along the İzmir–Ankara Suture (Dewey  117 
1988; Seyitoğlu & Scott 1991, 1992; Seyitoğlu et al. 1992); (4) episodic, two stage graben  118 
formation: metamorphic core complex formation with orogenic collapse and high angle  119 
normal faulting separated by short term compressional regime (Sözbilir & Emre 1996;  120 
Koçyiğit  et al. 1999; Bozkurt 2000, 2001a,b, 2003; Bozkurt & Sözbilir 2004, 2006;  121 
Beccaletto & Steiner 2005; Bozkurt & Rojay 2005; Emre & Sözbilir 2007; Çiftçi & Bozkurt  122 
2009a); (5) relatively faster overriding of  Greece than Cyprus and Anatolia on to foundering  123 
Africa (Doglioni et al. 2002).   124 
  125 
In their review of the evolution of the Izmir-Ankara Oceanic Branch of the Neotethys,  126 
Göncüoğlu et al. (2006) note that the ocean was already open in the Late Triassic, located  127 
between the Sakarya micro-continent and the Tauride-Anatolide Platform.  In the Early  128 
Cretaceous, northward intra-oceanic subduction was followed by decoupling of the oceanic  129 
crust followed by thrusting and metamorphism at the end of the Early Cretaceous.    130 
Subduction-related HP/LT metamorphism in the Izmir-Ankara Suture Belt affected the  131 
accreted oceanic material from the end of the Early Cretaceous.   132 
  133 
Background to the uplift, exposure and weathering of the Çaldağ Ophiolite  134 
The Çaldağ ophiolite is located in the eastern part of the BFZ which trends NE–SW between  135 
the Menderes Massif and İzmir–Ankara suture (Fig.5). It is generally accepted as a Mesozoic  136 
continental margin of the Anatolide-Tauride terrane which existed during Maastrichtian– 137 
Danian (e.g. Erdoğan 1990; Erdoğan et al. 1990; Okay & Siyako 1993; Okay et al. 1996). The  138 
BFZ is represented by strongly deformed ultrabasic, serpentinized ultrabasic and spilitic  139 
volcanic rocks with a pelagic matrix consisting of sandstone, mudstone, claystone, limestone,  140 
radiolarite and chert and exotic blocks of Triassic neritic dolomitic limestones (Fig.6). Cherts  141 
and mudstones from Mount Spil, just west of Çaldağ, where there are olistoliths of ultramafic  142 
rocks, yield radiolarian faunas of late Bathonian to early Callovian age (Tekin & Göncüoğlu  143 
2009). However, supra-subduction complexes in the Izmir-Ankara Ocean, including the BFZ,  144 
began to form from the Early Cretaceous until at least the early Santonian (Göncüoğlu et al.  145 
2006).   146 
  147 
The BFZ is unconformably overlain by relatively undeformed late Early Eocene (late  148 
Ypresian) shallow marine sediments of the Başlamış Formation (Akdeniz 1980; Önoğlu  149 Appendix B. Uplift and lateritisation history of the C alda^ g. Tavlan et al. in press 180
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2000). The Başlamış Formation is located around Başlamış Village, 50km NE and 25km NW  150 
of Çaldağ and Gördes nickel deposits respectively. The formation contains reworked ophiolite  151 
clasts in a basal conglomerate. However, laterite fragments have not been found to date in the  152 
Başlamış Formation. The ophiolite was already exposed and undergoing erosion, confirming  153 
that emplacement of ophiolites in the region was prior to deposition of Başlamış Formation.   154 
This means the timing of ophiolite exhumation is constrained by both tectonics and  155 
sedimentation to a period between the Selandian and early Ypresian (Fig.7, Akdeniz 1980;  156 
Okay et al. 1996; Önoğlu 2000).   157 
  158 
The Çaldağ laterite is seen to be locally overlain by Neogene basin fills (Fig.6). In the NW of  159 
the Çaldağ Mountain, around the Halitpaşa residential area, Kaya et al. (2004) described the  160 
deposition of episodic inland lacustrine Develi and Halitpaşa formations and subsequent  161 
Kızıldağ Formation, representing a distal alluvial fan facies. Correlating the sedimentary  162 
cover units of Çaldağ with units described by Kaya et al. (2004) can help to obtain the closest  163 
approximation to the Neogene exposure of Çaldağ ophiolite. According to Kaya et al. (2004),  164 
erosional truncation represented by two pulses of transpression event took place in the Early  165 
Pliocene following the Late Miocene–the earliest Early Pliocene deposition of Develi  166 
Formation. The middle Early Pliocene Halitpaşa Formation and the latest Early Pliocene  167 
Kızıldağ Formation were deposited after first and second pulses respectively. The ophiolite  168 
would have been exposed for short period during these erosional phases (Fig.7).  169 
  170 
The latest high angle graben faulting which began in the latest Early Pliocene (Kaya et al.  171 
2004) resulted in the rapid uplift of Çaldağ.  The uplift triggered erosional truncation which  172 
was the last process to affect the morphology of the Çaldağ laterite.  173 
  174 
Tectono-Stratigraphy and New Findings  175 
We recognize eight distinctive tectonic events which we term D1 to D8, which correspond to  176 
existing models in the literature which we have modified to accommodate our new data.  177 
  178 
Western Anatolia has been subjected to compressional tectonics (D1) from late Mesozoic to  179 
Oligocene (e.g.  Şengör & Yılmaz 1981; Okay 1989; Özer & Sözbilir, 1995; Bozkurt &  180 
Oberhänsli 2001; Collins & Robertson 2003 and references therein) leading to the accretion of  181 
the BFZ.   182 
  183 
The first group of structures observed in this study are thrust–overthrust faults and folds.  184 
These structures can be seen at every single boundary between subunits of the BFZ (Fig.8).  185 
These subunits are gently metamorphosed by this event, especially in the eastern part of  186 
Çaldağ, close to the Menderes Massif contact. Weathering and laterite formation began during  187 
D1 and the laterite body partly became thicker as a result of the overthrusts and folds  188 
developed at the later stages of D1. An indurated silica cap was formed, protecting the laterite  189 
from erosion (Fig.9).  190 
  191 
Compressional overthickening has been followed by orogenic collapse that can be considered  192 
as the initiation of late Cenozoic extensional tectonics in western Turkey (Dewey 1988;  193 
Seyitoğlu & Scott 1991, 1992; Seyitoğlu  et al. 1992). E–W trending extensional basin  194 
formation began to develop contemporaneously with the Gediz detachment during the Late  195 
Miocene (Yılmaz et al. 2000). A freshwater lake covered Çaldağ and the Develi Formation  196 
deposited (D2) (Kaya et al. 2004).  197 
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Lacustrine limestones precipitated during D2 partly covering and cementing the silica cap  199 
formed during D1 (Fig.10).   200 
  201 
The earliest Early Pliocene erosional truncation (D3) formed a disconformity between the  202 
Develi and Halitpaşa formations (Kaya et al. 2004). The erosion resulted from a transpressive  203 
event most probably related to the initiation of the North Anatolian Fault (Tüysüz et al. 1998).   204 
  205 
Activation of the NE trending strike-slip faults along the Pig and Snake valleys (Fig.11)  206 
relates to this phase. The highly resistant silica cap has been broken and eroded along these  207 
steep sloped valleys. Although fracture planes are abundant, only limited striae are preserved  208 
on the fractures. Slickensides indicating both sinistral and dextral movement can be found in  209 
the Fe-oxide ores in this region (Fig.11).  210 
  211 
Lacustrine deposition resumed by the time of the Halitpaşa Formation (D4) until the second  212 
pulse of transpressional deformation (D5). The latest Early Pliocene erosion resulted in an  213 
angular unconformity between the Halitpaşa and Kızıldağ formations (Kaya et al. 2004).  214 
  215 
The transpression possibly reactivated the NE trending strike-slip faults within the deep  216 
valleys (Fig.11).  217 
  218 
Lacustrine deposition was terminated by high angle normal faults followed by deposition of  219 
the Kızıldağ Formation (D6) and recent alluvium. These events correspond to the latest phase  220 
in graben formation (Kaya et al. 2004). This study shows that laterite fragments together with  221 
late limestone detritus were deposited in the alluvial fans of the Kızıldağ Formation (Fig.12a)  222 
during D6. Uplift of the Çaldağ horst developed via en echelon normal faults (Fig.11) during  223 
this deformation phase.  224 
  225 
Our recent field work has defined a further transpressive event at Çaldağ. Minor thrust faults  226 
related to strike-slip deformation have resulted in serpentinite overthrusting young  227 
conglomerate in the Pig Valley (D7).  The clasts of the conglomerate are derived from laterite  228 
and limestones of the Develi and Halitpaşa formations and therefore the conglomerate is  229 
related to the Kızıldağ Formation deposited during late D6 (Fig.12b). This compression is  230 
probably related to reactivated strike-slip faults along the deep valleys.   231 
  232 
NW–SE and E–W trending high angle normal faults are the main active horst–graben borders  233 
of Çaldağ and represent the final stage of deformation (D8) in the region. Striations indicating  234 
dip-slip movement can be found on almost all fault planes of D8 (Fig.13). Minor oblique-slips  235 
are also recorded in a few locations. These horst bounding faults are still active and have led  236 
to the deposition of vast plains of recent alluvial sediments within the graben.  237 
  238 
The geological history of the area suggests that weathering and laterite formation was  239 
permissive from the Mid-Palaeocene to the Late Miocene (Fig.7). However lateritisation only  240 
occurs in specific climatic conditions and therefore the palaeoclimate of the region will play  241 
an important role in lateritisation (Fig.2).  242 
  243 
Palaeoclimatic history of western Turkey   244 
It is clear that from the previous discussion, nickel laterites form in very restricted climatic  245 
zones today and by analogy we should expect them to have formed under similar conditions  246 
in the geological past. Warm, wet tropical to sub-tropical conditions are favoured (Freyssinet  247 
et al. 2005) and such periods should be sought in the geological record for western Turkey.  248 Appendix B. Uplift and lateritisation history of the C alda^ g. Tavlan et al. in press 182
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From geological considerations, it is clear that the Çaldağ ophiolite was not obducted and thus  249 
potentially exposed to weathering before at least the end of the Cretaceous and thus only the  250 
climate history from that date is relevant for this study.  251 
  252 
Globally, the climate at the end of the Cretaceous was becoming increasingly warm, peaking  253 
at the so-called Early Eocene Climatic Optimum (EECO) from 53-50 Ma (Bohaty & Zachos  254 
2003) with brief hyperthermal excursions like the Eocene Thermal Maximum 2 (ETM-2) at  255 
ca. 53.7 Ma (Lourens et al. 2005; Cramer et al. 2003) and the Palaeocene-Eocene Thermal  256 
Maximum (PETM) at ca. 56 Ma (Kennett & Stott 1991).  Through the rest of the Palaeogene,  257 
a general temperature decline is seen into the Oligocene with a distinct depression from 32.5  258 
to 28 Ma; permanent ice sheets were developed at the beginning of the Oligocene in Antarctic  259 
regions.  Through the Miocene the climate was generally slightly warmer than today but with  260 
a distinct warm period, the Mid-Miocene Climatic Optimum (MMCO) at ca. 15Ma (Böhme  261 
2003). The climate then became much cooler than it is today, with northern hemisphere ice  262 
sheets developing at the end of the Miocene (Zachos et al. 1993, 2001, 2008).  263 
  264 
Biological indicators can be used to help assist palaeoclimatic analysis and in the case of  265 
Turkey, the numerous Carboniferous, Eocene, Oligocene, Miocene and Pliocene coal deposits  266 
have been used to indicate prevailing tropical conditions (Fig.14, e.g. Akkiraz et al. 2008;  267 
Akgün et al. 2007). Palaeoecology of the coal-bearing sediments in Turkey has been carried  268 
out using the Coexistence Approach (CoA) method, based on quantitative palynological data,  269 
some of which are relevant to the region around Çaldağ (e.g. Akkiraz et al. 2006, 2007;  270 
Akgün et al. 2007). In addition to these studies, more global studies which use deep-sea  271 
oxygen and carbon isotope records, together with Ca/Mg ratios of bituminous sediments and  272 
fossil faunal records have been used to establish palaeoclimatic conditions where local  273 
palynological data is not available.  These data are used to prepare a summary of the  274 
prevailing climatic conditions which are compiled onto Figure 7 and discussed in the  275 
following sections:  276 
  277 
Palaeocene  278 
Shortly after the closure of the BFZ and exhumation of the Çaldağ ophiolite, during the  279 
Middle to Late Palaeocene (60-57 Ma), the changes in the nannofloral and foraminiferal  280 
assemblages mark a period of relative cooling. However, the climate remained tropical even  281 
during the coolest interval of the Palaeocene (Haq 1982).   282 
  283 
Palaeocene-Eocene Boundary  284 
The warmest temperatures occurred during the latest Palaeocene to Early Eocene (Haq 1982;  285 
Zachos  et al. 2001). The average temperature range for the Bolu region of NW Turkey  286 
(Aliyev & Sarı 2009) and global climate model simulations (O’Connell et al. 1996) confirm  287 
the globally warm temperatures at this time.  Around 55 million years ago, the global  288 
temperature increased by more than 5 °C in less than 10,000 years during the so called the  289 
PETM or Eocene Thermal Maximum 1 (ETM1) (Zachos et al. 1993, 2001 & 2008).  290 
  291 
Eocene  292 
The warming trend continued from the Mid-Palaeocene to Early Eocene, peaking with the  293 
EECO when the high global temperatures remained stable for around 2 My (Zachos et al.  294 
2001 & 2008).  A continuous cooling trend then followed the EECO which terminated at the  295 
beginning of the Oligocene. The rapid expansion of Antarctic continental ice-sheets coincides  296 
with this time (Zachos et al. 2001).  297 
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The mixture of temperate and tropical taxa from the coast to the montane environments of  299 
Middle–Late Eocene Çankırı Basin suggests a range of climates such as tropical, subtropical  300 
and warm temperate (Akkiraz et al. 2008 and references there in). Parallel to the Çankırı  301 
Basin, the Bartonian–Priabonian Başçeşme Formation (Denizli) indicates subtropical/  302 
paratropical conditions from montane environments to the coast (Akkiraz  et al. 2006).  303 
Nonetheless, the presence of Nypa assemblages in both regions mentioned above suggests  304 
temperatures of more than 20°C and likely monsoonal conditions or at least seasonal rainy  305 
periods (Akkiraz et al. 2006 & 2008 and references therein).  306 
  307 
Oligocene  308 
Akkiraz & Akgün (2005) suggested humid subtropical climatic conditions dominated in the  309 
Early Oligocene during the formation of the Çardak–Tokça basin (Denizli, 200km SE of  310 
Çaldağ). The presence of pterodophytic spores and some pollen such as Tilia,  Alnus,  311 
Pterocarya,  Ulmus and Carpinus suggest the climate in the Anatolian region remains  312 
relatively warm. Additionally, CoA values for the İncesu Formation (Isparta, 230km SE of  313 
Çaldağ) indicate a subtropical climate during the Early Oligocene (Akkiraz et al. 2007).  314 
  315 
Palaeoclimate and palaeovegetation data from late Rupelian–early Chattian period of the  316 
Milas–Ören Basin (Muğla, 175km south of Çaldağ) are indicative of mangroves. CoA  317 
analysis noting the abundant palynoflora of Psilatricolpites crasus ( Pelliciera) and  318 
Spinizonocolpites sp. (Nypa) suggested that a subtropical climate dominated this time period  319 
(Kayseri 2009).The preserved faunal and palynofloral together with negative isotopic 
13C and  320 
18O evidence from gastropod fossils within the late Chattian Milas–Ören Basin indicate there  321 
was a shallow marine swamp environment affected by meteoric water during warm  322 
subtropical palaeoclimatic condition (Kayseri et al. 2009b).  323 
  324 
Oligocene-Miocene Boundary  325 
The latest Chattian sediments of the Kale–Tavas Basin (between Denizli and Muğla, 160km  326 
SE of Çaldağ) were deposited in a warm subtropical climate (Akgün et al. 2007).Palynoflora  327 
of the earliest Aquitanian in the Burdur–Kavak Basin (200km SE of Çaldağ) indicated a  328 
change to warmer conditions from the latest Chattian (Akgün et al. 2007).  The decrease of  329 
the lower boundary of the MAT of the early Aquitanian Denizli–Kurbalık Basin (160km SE  330 
of Çaldağ) indicates that there were similar climatic conditions to Chattian times (Akgün et al.  331 
2007).  332 
  333 
Miocene  334 
Early Miocene alluvial fans and coal deposits in the Denizli Basin (120km SE of Çaldağ)  335 
indicate humid climatic conditions. The negative δ
18O values (−11.03 < δ
18O‰ < −9.68)  336 
measured from clayey limestones are compatible with a fresh water lake in a humid climate  337 
setting (Alçiçek et al. 2007).  Yavuz-Işık  (2008) reconstructed the vegetation of the early  338 
Burdigalian Güvem Basin (Bolu) and suggested that a warm-temperate climate dominated  339 
during this time period, possibly because of intense volcanic activity and the influence of  340 
continentality.  341 
  342 
The relative proportion of palaeotropical and arctotertiary floral elements (P/A) and CoA data  343 
of both Bigadiç (Western Anatolia, 90km north of Çaldağ) and Samsun–Havza (Central  344 
Anatolia) basins suggest a warm subtropical climate for the latest Burdigalian. However, the  345 
latest Burdigalian was cooler than the Chattian and Aquitanian period (Akgün et al. 2007).   346 
The late Burdigalian–early Langian (?) terrestrial Muş Basin (Eastern Turkey) studied by  347 
Sancay et al. (2006) records a subtropical climate.   348 Appendix B. Uplift and lateritisation history of the C alda^ g. Tavlan et al. in press 184
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  349 
Akgün et al. (2007) suggested a relatively subtropical climate prevailed during the Langhian,  350 
contrasting with the warm subtropical climate during the Burdigalian of western Anatolia. A  351 
low P/A ratio for the Langhian in the Aydın–Başçayır and Kuloğulları areas (Büyük  352 
Menderes basin, 75km SE of Çaldağ) suggests a relatively cool climate. The CoA results for  353 
the same period are similar with the latest Burdigalian.The P/A ratio of early and middle  354 
Serravallian sediments within western Anatolia is low but based on the maximum occurrences  355 
of subtropical elements and the result of the CoA a subtropical climate is suggested by Akgün  356 
et al. (2007).The latest Serravallian and the earliest Tortonian basins in western Anatolia  357 
indicate a warm temperate climate and MAP values are similar to the middle Serravallian  358 
(Akgün et al. 2007).  359 
  360 
The early Tortonian CoA values of the Elazığ area (Central Anatolia) and the middle  361 
Tortonian from the Sivas–Hafik area (Central Anatolia) indicate a warm temperate climate  362 
with low P/A ratios. The presence of a grazer Ceratotherium neumayri Osborn living in open  363 
areas reflects the warm temperate climate, including seasonally dry conditions during the  364 
middle Tortonian (Akgün et al. 2007 and references therein).  365 
  366 
The existence of arid steppe mammals such as specific rodents, hyenas and antelope, as well  367 
as the first appearance of the cercopithecid (Old World monkey) Mesopithecus, during late  368 
Tortonian has been interpreted as evidence for further cooling and/or drying. Local warm,  369 
more humid conditions are nevertheless recorded in the record of grassland and woodland  370 
developments (Jones 2006). The Bigadiç, Kırka, Kestelek and Emet borate basins (western  371 
Turkey) all contain coal deposits formed during the late Tortonian. Late Tortonian upper  372 
pollen assemblages are generally indicative of a humid, temperate climate. However, it was  373 
relatively cooler and dryer than the early Serravalian (lower pollen assemblages). In addition  374 
to the steppe environment, savannas and forests were recorded in some locations (Akyol &  375 
Akgün 1990).  376 
  377 
For Eurasian large mammal herbivores, hypsodonty maps display an increase in crown height,  378 
indicative of increased aridity in western Anatolia during the late Tortonian–Messinian (8 to 5  379 
Ma) period (Fortelius et al. 2002). The Messinian is also the first time semi-desert elements in  380 
the Mediterranean and arid-adapted (Saharan) flora in Africa are recorded (Jones 2006).  381 
  382 
Pliocene  383 
Popescu (2006) performed a high-resolution palynological study on core samples from the  384 
southwestern Black Sea. The study showed that the Early Pliocene is characterised by  385 
competition between the two most important vegetation components, namely humid  386 
thermophilous forests and dry steppes, with changes driven by large amplitude climatic  387 
variations indicating the 5.156 to 5.050  Ma; 4.769 to 4.492  Ma; 4.324 to 4.117  Ma time  388 
intervals as cooler phases.  389 
  390 
Plio-Quaternary  391 
Based on the sedimentary facies assemblages and available isotopic dates, four colluvial  392 
divisions and their climatic histories are correlated in Lake Eğirdir (275km SE of Çaldağ): (1)  393 
a latest Pliocene to Early Pleistocene stage of warm-humid climate with dry conditions; (2) a  394 
Late Pleistocene stage of colder climate, with alternating phases of higher and lower  395 
humidity; (3) the last glacial (Würm: 110,000 to 9,600 BC) stage of the coldest climate  396 
period; and (4) a Holocene stage of warm semi-arid climate (Nemec & Kazancı 1999).  397 
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In summary, the published palaeoclimate data above reveals that tropical to subtropical  399 
climatic conditions dominated from Palaeocene to the latest Middle Miocene. Although the  400 
tropical to subtropical climate is regarded as favourable for laterite formation, Oligo-Miocene  401 
climate data compiled in this study does not fit with the published field for optimum laterite  402 
formation (Fig.2).  403 
  404 
Discussion & Conclusions  405 
The first prerequisite for the formation of a nickel laterite is the presence of an uplifted and  406 
exposed ultramafic protolith. The second prerequisite is a favourable tropical to sub-tropical  407 
climate of sufficient duration to result in the development of a deep regolith on the exposed  408 
ultramafic rocks. Many other features such as structure, uplift history, drainage etc.  409 
additionally control the size, mineralogy and nickel tenor of the deposit formed and the  410 
deposit must then be subsequently protected from erosive forces.  411 
  412 
The Balkan region through to Greece and Turkey clearly contains major belts of exposed  413 
ultramafic rocks where in restricted portions, nickeliferous laterite deposits are well  414 
developed (Fig. 3).  The formation and preservation of these deposits must satisfy the criteria  415 
discussed in the paragraph above.  In this study, we have investigated a combination of data  416 
relating to the Çaldağ ophiolite, defining the exhumation history, palaeoclimate conditions  417 
and the dating of the sedimentary cover overlying the Çaldağ laterite, indicating the key  418 
parameters constraining the laterite history of Çaldağ.  419 
  420 
Reviewing the structural and stratigraphic history of Çaldağ shows that sediments of the  421 
Başlamış Formation deposited over the ophiolite contain ophiolite clasts and so record the  422 
first definitive evidence for the weathering of exposed ophiolite lithologies. These sediments  423 
have been dated to the Early Eocene (Akdeniz 1980; Önoğlu 2000). From this analysis the  424 
obduction and related exhumation of the ophiolites must have begun from the Mid- 425 
Palaeocene and the ophiolite was exposed and being actively weathered by the Early Eocene.   426 
Structural mapping shows that the Çaldağ laterite has been deformed by large thrust faults  427 
that formed as a continuation of the Palaeocene–Eocene N–S compressional tectonics (D1)  428 
which resulted in ophiolite obduction. The age of this deformation suggests lateritisation must  429 
have been occurring during the Middle to Late Eocene.  Laterite derived red mudstone,  430 
sandstone and conglomerates found within the Kale–Tavas molasse basin overlaying Lycian  431 
Nappes located near to Demirciler Village (between Denizli and Muğla, Fig.5) contain up to  432 
0.6% Ni. This sedimentary basin is dated to the Chattian–Aquitanian (Sözbilir 2005)  433 
providing further evidence that lateritisation and formation of nickel deposits was occurring in  434 
western Anatolia before the Late Oligocene. Finally, the Çaldağ deposit is still partially  435 
covered by lacustrine sediments dated to the late Tortonian to Early Pliocene and thus even if  436 
conditions favourable to lateritisation existed at this time, the deposition of these sediments  437 
would serve to halt the weathering process at Çaldağ..   438 
  439 
Reviewing all available literature pertaining to the palaeoclimatic conditions of western  440 
Anatolia indicates that conditions were conducive to lateritisation from before the Palaeocene  441 
through to the latest Middle Miocene. However, it is apparent that peak tropical to subtropical  442 
weathering would be more favoured in the Eocene. Post EECO, climatic conditions have been  443 
generally much cooler but further sub-tropical weathering may have occurred from the end of  444 
the Oligocene to Middle Miocene.  445 
  446 
By combining this climatic, tectonic and sedimentary history of Çaldağ and the surrounding  447 
region,the timing and duration of lateritisation has been better constrained. Laterite formation  448 Appendix B. Uplift and lateritisation history of the C alda^ g. Tavlan et al. in press 186
  10
was underway by the Mid-Palaeocene and the tectonic, sedimentary and palaeoclimate history  449 
of the region suggests that weathering could have continued with breaks until the late  450 
Serravallian, which is an aggregate period of 50 million years. Figure 15 shows this series of  451 
events diagrammatically.  452 
  453 
Nahon and Tardy (1992) assumed the average laterite accumulation rate as 20 mm per 1000  454 
years. If weathering had occurred for the entire 50 million years at this calculated rate, the  455 
Çaldağ laterite would be expected to be 1km thick rather than the maximum thickness of  456 
profile seen today of 69m. The profile thickness may have been reduced through a  457 
combination of tectonic and physical erosion or alternatively points to a much shorter period  458 
of lateritic weathering.  459 
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Figure captions  855 
Fig. 1. Distribution of key recent nickel laterite deposits vs. world map of climate  856 
classification (after Peel et al. 2007; Elias 2002)  857 
   858 
Fig. 2. Graph showing correlation of palaeoclimate data from post-Mesozoic western Turkey  859 
together with modern climate data. Black curve plotted from Persons (1970) showing  860 
optimum laterite formation range.  861 
Palaeocene– Eocene temperature data is given as dashed lines in the figure because no rainfall data is available  862 
for these periods. Mean annual temperature and precipitation values of last 30 years for New Caledonia: 23.1  863 
oC – 1071.5mm; for Indonesia: 26.7
 oC –2816mm; for Cuba: 25.2
 oC –1189.2mm; for Madagascar: 18.9
 oC – 864 
1365.3mm; for Guatemala: 19.9
 oC –1185.5mm; for Colombia: 27.9–1285mm;  for Dominican Republic: 26
 oC – 865 
1447.1mm and for western Turkey: 17.89
 oC– 686.3mm (World Meteorological Organization online data from  866 
www.worldweather.org)  867 
  868 
Fig 3. Map of the eastern Mediterranean showing the distribution of exposed ophiolitic  869 
ultramafic complexes and location of significant lateritic nickel deposits (modified after Boev  870 
& Jankovic 1996).  871 
  872 
Fig. 4. Summary map showing continental blocks, major sutures and related ophiolite belts of  873 
eastern Mediterranean (BFZ: Bornova Flysch Zone, simplified after Okay 2008 &  874 
http://www.unil.ch/webdav/site/igp/shared/stampfli_research/maps/present/structethysides_la 875 
st_ophio.pdf downloaded: 14 Oct 2009)  876 
  877 
Fig. 5. Location of Çaldağ in the context of western Anatolian tectonic belts (after Sözbilir  878 
2005; Çiftçi & Bozkurt 2009b)  879 
  880 
Fig. 6. Columnar stratigraphic section for Çaldağ (modified after Erdoğan 1990; Kaya et al.  881 
2004; Thorne et al. 2009 with new observations)  882 
  883 
Fig. 7. Summary showing tectono-stratigraphic features and palaeoclimate history for the  884 
Çaldağ region compiled from various sources (MMCO: Middle Miocene Climatic Optimum):  885 
(1)This study, (2)Kaya et al. 2004, (3)Emre& Sözbilir 1995, (4)Işık et al. 2003, (5)Lips et al. 2001, (6)Sözbilir & Emre 1996,  886 
(7)Hetzel et al. 1995, (8)Işık & Tekeli 2001, (9)Bozkurt & Park 1994, (10)Dewey 1988, (11)Seyitoğlu & Scott 1991,  887 
(12)Seyitoğlu & Scott 1992, (13)Seyitoğlu et al. 1992, (14)Şengör et al. 1984, (15)Okay 1989, (16)Özer & Sözbilir 1995,  888 
(17)Bozkurt 2001b, (18)Bozkurt & Oberhänsli 2001, (19)Özer et al. 2001, (20)Collins & Robertson 2003, (21)Erdoğan 1990,  889 
(22)Erdoğan et al. 1990, (23)Okay & Siyako 1993, (24)Okay et al. 1996, (25)Akdeniz 1980, (26)Önoğlu 2000, (27)Nemec &  890 
Kazancı 1999, (28)Popescu 2006, (29)Fortelius et al. 2002, (30)Jones 2006, (31)Akyol & Akgün 1990, (32)Akgün et al.  891 
2007, (33) Böhme 2003, (34)Yavuz-Işık 2008, (35)Alçiçek et al. 2007, (36)Kayseri et al. 2009b, (37)Kayseri 2009,  892 
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  895 
Fig. 8. Overthrust fault between subunits of the BFZ (D1)  896 Appendix B. Uplift and lateritisation history of the C alda^ g. Tavlan et al. in press 195
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  897 
Fig. 9. Superposed horizons of the Çaldağ laterite: Silica Cap, Limonite Zone, Fresh  898 
Serpentinite  899 
  900 
Fig. 10. Silica pebbles cemented (a) by lacustrine carbonate (D2) and sedimentary patches  901 
preserved (b) after erosion.  902 
  903 
Fig. 11. Geological map of Çaldağ (modified after mine geology map of Sardes Nikel–  904 
unpublished: Metin TAVLAN, Tunç DARCAN, Mehmetcan DOĞRUYOL & Derya PSAV)   905 
  906 
Fig. 12. (a) Conglomerate of Kızıldağ Formation containing late limestone (Lm) silica (Si)  907 
and limonite (Lt) clasts. (b) Serpentinite overthrusting the conglomerate of Kızıldağ  908 
Formation (D7) shown in (a)   909 
  910 
Fig. 13. D6 or D8 faults with striae showing normal sense of movement  911 
  912 
Fig. 14. Map showing distribution of some various aged coal deposits in Turkey  913 
(www.mta.gov.tr)  914 
  915 
Fig. 15. Figure showing schematic summary of the geological events affecting the Çaldağ  916 
laterite (see columnar section (Fig.6) for legend).  917 
a: Early Palaeocene: Ophiolite obduction (D1)  918 
b: Palaeocene–Eocene: Laterite formation and compressional tectonics (D1)  919 
c: Late Eocene: Laterite formation and compressional tectonics (D1)  920 
d: Oligo-Miocene– Early Pliocene: Laterite formation (?), extensional tectonics and lacustrine basin formation  921 
(D2 to D4)  922 
e: The latest Early Pliocene–Quaternary: Extensional basin formation and erosion (D5 to D8)  923 Appendix B. Uplift and lateritisation history of the C alda^ g. Tavlan et al. in press 196
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Figure C.1: XRD patterns for goethite samples from the C alda^ g laterite. The major
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Figure C.2: XRD patterns for goethite samples from the Bitincke laterite. The major
goethite (G) and contaminant quartz (Q) peaks are labeledBibliography
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